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Cardiovascular diseases are the number one cause of death worldwide. Given the fact
that 54% of these deaths are related with high blood pressure, its monitoring is the first
step to reduce morbidity.
As life quality increases, life expectancy also increases leading to population aging. The
expensive treatment costs and limited health infrastructure to meet the needs of this
aged population led medical devices sector to develop the so called Ambient Assisted
Living (AAL) solutions. These solutions have integrated electronics that allow con-
stant monitoring of vital parameters with the purpose of diagnosing diseases earlier and
prevent emergency situations in order to improve life quality in the preferred living
environment.
This thesis follows the development of a portable blood pressure device with wireless
communication of its readings which is included in this AAL area. A linear approxima-
tion algorithm was used to treat the data acquired using the oscillometric method. The
work includes the design of schematics, a Printed Circuit Board (PCB) which integrates
all the selected components for this device and a mobile and desktop interface where
the readings are shown. The system was programmed using an Atmel R© debugger, AVR
Dragon, and Atmel R© microcontroller, ATxmega 128A3, for whom all the firmware was
developed in C language while the Bluetooth chip used was the RN4020 from Microchip.
Some decisions such as the wireless protocol used or the battery charger adapter were
made taking into account a future commercial approach. Also, several factors were stud-
ied during the hardware and firmware development so it could be optimized for reduced
dimensions and power consumption. Benchtests were performed using an interface de-
veloped in Matlab R© while the blood pressure readings were sent to a mobile interface
developed in Android.
Keywords: Cardiovascular Diseases, Blood Pressure, Ambient Assisted Living (AAL),





As doenc¸as cardiovasculares sa˜o a maior causa de morte a n´ıvel mundial. Estando a
hipertensa˜o relacionada com 54% destas mortes, a monitorizac¸a˜o da pressa˜o arterial e´ o
primeiro passo para reduzir o impacto destas doenc¸as.
O aumento da qualidade de vida, da esperanc¸a me´dia de vida e a baixa natalidade leva a
um envelhecimento da populac¸a˜o. Este facto associado aos custos elevados de tratamento
e a` falta de infrastruturas para ir ao encontro das necessidades desta populac¸a˜o envel-
hecida levaram o sector dos dispositivos me´dicos a desenvolver soluc¸o˜es com electro´nica
integrada que permitem a monitorizac¸a˜o constante de paraˆmetros vitais. Estas soluc¸o˜es
possibilitam o diagno´stico precoce de doenc¸as e previne situac¸o˜es de emergeˆncia, mel-
horando a qualidade de vida.
Esta dissertac¸a˜o inclui-se na a´rea da Ambient Assisted Living (AAL) e detalha o desen-
volvimento de um dispositivo de pressa˜o arterial porta´til com comunicac¸a˜o wireless das
suas leituras.
O algoritmo de aproximac¸a˜o linear foi implementado para tratar os dados adquiridos
atrave´s do me´todo oscilome´trico. O trabalho inclui o desenho de esquema´ticos, de
Printed Circuit Boards (PCB) que integram todos os componentes seleccionados para
este dispositivo e o desenvolvimento de uma interface mobile e uma interface desktop
com o utilizador.
O sistema foi programado usando um debugger da Atmel R©, o AVR Dragon, e um
microcontrolador tambe´m da Atmel R©, o ATxmega 128A3, para o qual todo o firmware
foi desenvolvido em C, enquanto que o mo´dulo de bluetooth usado foi o RN4020 da
Microchip.
Algumas deciso˜es como o protocolo wireless a ser usado ou a forma de carregar o dispos-
itivo foram tomadas tendo em conta um futuro uso comercial desta soluc¸a˜o. O hardware
e firmware foi tambe´m optimizado para reduzir as dimenso˜es e o consumo de energia
do dispositivo. Os testes do sistema foram feitos usando uma aplicac¸a˜o desenvolvida
para desktop em Matlab R©, sendo a interface Android usada para mostrar os valores de
pressa˜o arterial lidos.
Palavras-Chave: Doenc¸as Cardiovasculares, Pressa˜o Arterial, Ambient Assisted Liv-
ing (AAL), Algoritmo de Aproximac¸a˜o Linear, Me´todo Oscilome´trico, Bluetooth Low
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This chapter defines the motivation, the contribution and the main goals to be achieved
at the end of the project as well as the stakeholders that made this project possible, the
project scheduling and the used tools. A report structure is also provided for a better
understanding of the topics covered during this thesis.
1.1 Motivation
1.1.1 Need
Due to healthcare technology development, life quality is increasing and, consequently,
so is life expectancy [1] being, in 2013, 73 and 68.8 years old for women and men,
respectively. Although globally all countries had a life expectancy upsurge between
1990 and 2012 it was dependent on the country’s income, as may be seen in figure 1.1 .
As shown in figure 1.2 this is leading to population aging, which is already a socioe-
conomic problem. With the increment of this population segment there will be more
people with chronic diseases that require routine monitoring, raising healthcare costs
[2].
Plus, there are limited health providers and infrastructures to attend their needs. Ac-
cording to two OECD studies there is going to be a lack of qualified personal in the
area of Health such as physicians [3] and nurse graduates [4]. This factor presents a
1
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lack of human resources that will also contribute to the difficulty in treating the aging
population boost with chronic diseases.
In Europe Union alone the funding in healthcare relies in three different methods. The
Beveridge model, focused on public taxation; the Bismark model, focused on compulsory
social insurance; and the third based on voluntary private insurance that complements
the social insurance. The increase of healthcare costs will overload these models and it
is necessary to take measures in order to maintain a sustainable system [5].
The active aging of eldery population will depend on a balance between the natural
decrease of capabilities, its diagnosis and treatment.
Figure 1.1: Years gained in life expectancy 1990–2012, by sex and country income
group [1]
Figure 1.2: Global Population Pyramid in 1970, 2015 and 2060, by sex and age
group [6]
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In 2008 Cardiovascular Diseases (CVD) were the cause of death of 17.3 million people
[7]. This includes 7.3 million deaths due to strokes and 6.2 million deaths due to coronary
heart disease [8]. All together, it represents 30% of all global deaths [9] turning CVD
into the number one cause of death worldwide [10]. Only in Europe the impact of
cardiovascular diseases is estimated to be 192 billion euros a year [11].
Although it is a global issue low- and middle-income countries are disproportionally
affected: over 80% of CVD deaths take place in these countries [9].
The effects of behavioural risk factors such as unhealthy diet and physical inactivity
may show up in individuals as raised blood pressure, raised blood glucose, raised blood
lipids, overweight and obesity.
It is estimated one in three United States’ adults has high blood pressure but nearly
one-third of these people are unaware that they have it[12]. Considering that globally
54 % of deaths caused by CVD can be attributed to high blood pressure [13], blood
pressure monitoring gets extremely important as a diagnosis tool for CVD.
1.1.2 Approach
Given this scenario it is essential to provide timely information and tools to care providers
that enable them to proactively support independence and aging in place. To meet the
needs evidenced by this population, the medical devices sector have been developing so-
lutions with integrated electronics that monitor elderly or ill people’s vital parameters in
the preferred living environment by increasing their autonomy, self-confidence and mo-
bility with the purpose of diagnosing diseases earlier and prevent emergency situations.
These devices are part of the Ambient Assisted Living (AAL) area.
Due to the significance of this area an European technology platform called Ambient
Assisted Living Joint Programme has been supporting AAL activities since 2008 [14].
Although not being the driven forces to sustain this market, AAL can also make health-
care to reach remote regions.
AAL concept is deeply associated with the fact that different electronic devices could
be wirelessly connected with each other. This concept is called Internet of Things (IoT)
and was the central theme of Consumer Electronics Show 2015 in Las Vegas, the biggest
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tech trade event in the world where all the big tech companies such as Samsung, Apple
or Google presented solutions in this area [15].
Furthermore, an ABI Research research from 2013 showed that by then there were more
than 10 billion devices wirellesly connected in the market and by 2020 there will be
28 billion [16]. Observing the biggest medical devices players, most of the solutions
monitor at least four vital parameters: blood pressure, heart rate, body temperature
and respiration rate. Solutions to measure oxygen’s concentration in blood, weight and
glucose are also common.
Nowadays the demand of more and better regulatory frameworks ensure that the med-
ical products entering the market are safe and effective. The two main challenges for
companies which produce this type of products are research and development along
with keeping up with the updates on regulatory requirements and implement them in
the company [14].
Blood pressure monitoring devices are already in the market and being used mainly
by hypertensive patients. Being the fact that the early users of this devices are the ill
population, the sensibility and accuracy of the devices get even more relevant.
Aiming to connect AAL and IoT technologies with ill and eldery people this project’s
main goal is hardware and firmware development for a blood pressure measurement
device with wireless communication of its readings to a computer or a mobile device.
1.1.3 Benefits
Monitoring blood pressure in the preferred environment offers several benefits. More
frequent blood pressure readings, without the costs and time associated with going to
the doctor, can help the healthcare team diagnose high blood pressure earlier without
unnecessary assistance at the same time it increases patient’s autonomy, self-confidence
and mobility.
IoT technology makes it possible to connect healthcare providers’ computer with their
patients’ devices in order to be constantly receiving data from all of them. The analysis of
this data may lead to high blood pressure early diagnosis, better informed decisions, such
as adjusting dosages or changing medications, and to a better use of the appointments.
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One great advantage of this system is to provide health care for a large group of peo-
ple, where previously there were time and space barriers. Regarding the technical,
economical and clinical aspects of home based telemedicine numerous studies already
demonstrated the effectiveness of this technology [17].
Moreover, patients gain a stronger sense of responsibility for their health, and may be
even more motivated to control their blood pressure with an improved diet, physical
activity and proper medication use.
Furthermore, the patient may exhibit elevated blood pressure in clinical setting but not
in other settings due to anxiety - this phenomenon is called white coat hypertension.
On the other hand, false normal blood pressure readings also happen, more commonlly
in women and those who have cardiovascular risk factors, such as obesity, high blood
cholesterol and high blood sugar - this phenomenon is called masked hypertension [18].
Nevertheless, important issues such as patients’ acceptance and accessibility must be ad-
dressed since the end users, particularly elderly, may not be able to accept the technology
as a tool for healing [19].
1.1.4 Market
According to an European Commision study the companies which provide hardware
solutions for AAL can be divided in four main categories [14]:
• Medical engineering companies that demand higher quality products and invest
significantly on staff qualifications, especially R&D staff.
• Companies that modify existing products to enable them to be used by laymen.
Usually this is done to extend their market scope.
• Pharmaceutical companies enter as new players since they can complement their
product (drugs) with Remote Monitoring Technologies (RMT) adding more value
to their service.
• Original Equipment Manufacturers (OEM), companies that manufacture products
for other companies to be repackaged and resold with another name and logo.
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A Transparency study forecasts the remote patient monitoring market to reach $556.9
million by 2016 with an annual growth of 10% in the selected period. The largest
segment of the industry is cardiac monitoring which will constitute about 72% of the
total market. The United States and Europe will be the main geographical areas where
this growth is verified [20].
According to an European Union study, currently the remote patient monitoring market
is fragmented, still small in size and it has a lot of social, economic and technical barriers
[21]. Despite this there are a lot of different market reports that have an estimation of
the real size and value of RMT.
Germany with a 25% market share, and the United Kingdom with 21% were rated
by Frost & Sullivan as the European markets with the best short term opportunities
regarding revenues. However, France and Italy also show good prospects and all the
others small markets will tend to grow. But in the long run it will be difficult to predict
the RMT market in countries that rely in government subsidies since cuts on telehealth
and telecare can be made [21].
To encourage research & innovation, during 2014 and 2015, the European Union will
invest around 1200 million euros for improving the understanding of healthy ageing and
disease, improve the ability to monitor health, prevent, detect, treat and manage disease,
support older people to remain active and independent and test and demonstrate models
to health and care delivery [22].
The challenge includes keeping older people active and independent by developing safer
and more effective solutions.
1.2 Contribution
Since 2010 Exa4Life has been doing Research & Development (R&D) on medical de-
vices which turned out in solutions for physical medicine and rehabilitation (ultrasound,
eletrotherapy, laser therapy, electrotherapy for peloids application) and medical devices
for AAL in partnership with other stakeholders.
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ExaAllinOne is one of these medical devices for AAL which monitor six vital signs: elec-
trocardiogram, heart rate, respiratory rate, temperature, blood pressure and oxygen’s
concentration in blood.
With this project it is intended to acquire know-how about the development of a blood
pressure device, since ExaAllinOne is not completely Exatronic know how, in order to
be able to create a separated but modular blood pressure acquisition module to operate
isolated or with other modules.
A Biomedical Engineer combines the design and problem solving skills of an engineer
with medical and biological sciences to advance healthcare treatments, including diag-
nosis, monitoring, and therapy being a good fit for this project.
More than a good engineering project where the student will develop a blood pressure
measurement device with wireless communication of their readings, this Master Thesis is
intended to reproduce the ability of the student for conception, planning, investigation
and development in a business environment, assuming itself as a contribution for a
product Exatronic will launch into the market.
1.3 Goals
The main goal for this project is the development of a blood pressure measurement
prototype with wireless communication of its readings. The hardware and firmware
development will be optimized for a device with reduced dimensions and power con-
sumption.
The steps to achieve the goal can be itemized as follows:
• State of the Art Study of embedded systems, integrated circuits for medical
applications and blood pressure measurement devices in literature and in the mar-
ket.
• Analysis of the technical and legal requirements, the suitable hardware for Ex-
atronic product and its electronic configuration design with a good ratio perfor-
mance vs. energy consumption.
• Design the Schematics and the PCB using a CAD tool (software Altium Designer R©).
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• Hardware Development of the PCB.
• Firmware Development for the microcontroller for proper operation using C
programming language.
• Software Development of a simple desktop or mobile interface to show the
device readings.
• Benchtests of the developed system.
1.4 Project Management
This section portrays the stakeholders that made this project possible and illustrates
the forseen and final project scheduling.
1.4.1 Context
This document is intended to report the project developed within the discipline of
Project in the school year 2014/2015, which will be submitted to the Faculty of Sci-
ence and Technologies of the University of Coimbra (FCTUC) to obtain a Master’s
degree in Biomedical Engineering.
Apart from FCTUC, where the student was during the first semester, the project was
developed along with a portuguese company, Exatronic Insight Innovation, where the
student was during the second semester. The stakeholders responsible for implementa-
tion of the project are described in Table 1.1.
As may be seen on Section 1.4.4 the hardware and software development occured during
the time the student was at Exatronic. Thus, for simplifying the project management the
development was supervised mostly by Eng. Pedro do Mar during hardware development
and by Eng. Carlos Pereira during software development, both from Exatronic. There
were weekly meetings with Exatronic during the development and there were status
meetings with MSc Pedro Vaz and Prof. Dr. Carlos Correia, from GEI, from 1.5
months to 1.5 months, approximately, to present results and discuss next steps.
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Table 1.1: Stakeholders responsible for implementation of the project
Name Function Contact
Andre´ Carvalheira Project Execution andre.carvalheira1@gmail.com
Prof. Dr. Carlos Correia Project Supervision correia@fis.uc.pt
at FCTUC
MSc Pedro Vaz Project Co-Supervision pedro.guilherme.vaz@gmail.com
at FCTUC
Eng. Andre´ Santos Project Supervision asantos@exatronic.pt
at Exatronic Innovation Insight
Eng. Carlos Pereira Project Supervision cpereira@exatronic.pt
at Exatronic Innovation Insight
Eng. Manuel Loureiro Project Supervision mloureiro@exatronic.pt
at Exatronic Innovation Insight
Eng. Pedro do Mar Project Supervision pmar@exatronic.pt
at Exatronic Innovation Insight
Prof. Dr. Miguel Morgado Biomedical Engineering miguel@fis.uc.pt
Integrated Master
Projects Coordination
1.4.2 Exatronic Innovation Insight
Exatronic Innovation Insight is a leading Portuguese company in integrated electronics
products and solutions with 20 years of experience.
It also creates solutions in product certification and engineering, raw material procure-
ment, sub-contracting production automation and automotive section.
Exa4Life, an independent business unit specialized in biomedical solutions, was created
in 2010 leading to the creation of solutions for physical medicine and rehabilitation
(ultrasound, eletrotherapy, laser therapy, electrotherapy for peloids application) and
medical devices for AAL.
This project fits within an established protocol between Exa4life, the University of
Coimbra, the University of Aveiro and Instituto Superior Te´cnico for the creation of
ExaAllinOne.
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1.4.3 Electronics and Instrumentation Group (GEI)
The Electronics and Instrumentation Group’s (Grupo de Electro´nica e Instrumentac¸a˜o,
GEI) headquarters are at the Physics Department of the University of Coimbra.
The research areas of the Electronics and Instrumentation Group (GEI) are Atomic and
Nuclear Instrumentation, Biomedical Instrumentation, Plasma Physics Instrumentation,
Microelectronics, Optical Signal Processing, Telemetry and Industrial Control.
Concerning the teaching practice, GEI strongly supports the Instrumentation branch of
the Physics Engineering degree and Biomedical Engineering degree within its special-
ization branches.
It has also a clear approach to the market which is shown by GEI spinoffs like Intelligent
Sensing Anywhere (ISA), created by five PhD students, and Blueworks, created by three
MSc Biomedical Engineers.
1.4.4 Schedule
The project schedule was done using a Gantt diagram.
Figure 1.3 shows the Gantt diagram with the 15 macro tasks below proposed by Exa-
tronic and their expected timing.
T1 - Familiarization with GEI, its environment and the project context
T2 - State of Art Study
T3 - Theoretical Study of the concepts inherent in this project
T4 - Requirements Specification
T5 - Conception
T6 - First Progress Report Delivery
T7 - Interim presentation and poster preparation
T8 - Familiarization with Hardware development
T9 - Hardware Development
T10 - Second Progress Report Delivery
T11 - Prototyping
T12 - Familiarization with Firmware development
T13 - Firmware Development
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T14 - System Tests
T15 - Interface development
T16 - Mater Thesis Preparation
Figure 1.3: Initial Gantt Diagram of the project
Figure 1.4 represents the final Gantt diagram with the 20 macro tasks that have actually
been done. Compared to the initial schedule the duration and beginning of some tasks
has changed but with no relevant impact. As example, the first System Tests happened
a week after what was schedule. The fact that a second prototype was built lead to the
introduction of extra tasks and to the extension of the project deadline from July to
September.
T1 - Familiarization with GEI, its environment and the project context
T2 - State of Art Study
T3 - Theoretical Study of the concepts inherent in this project
T4 - Requirements Specification
T5 - Conception
T6 - First Progress Report Delivery
T7 - Interim presentation and poster preparation
T8 - Familiarization with Hardware development
T9 - Hardware Development of the First Prototype
T10 - Second Progress Report Delivery
T11 - Familiarization with Firmware development
T13 - Interface development
T14 - System Tests
Chapter 1. Introduction 12
T15 - Hardware Development of the Second Prototype
T16 - Firmware Development
T17 - Interface development
T18 - System Tests
T19 - Prototyping
T20 - Master Thesis Preparation
Figure 1.4: Final Gantt Diagram of the project
1.5 Tools
The most used tools for developing the device were NI Multisim, Altium Designer,
Atmel R© Studio, Matlab R© and Android Studio.
NI Multisim was useful to simulate the schematics before building the circuits and the
PCB itself. Although it is possible to simulate the circuits with Altium Designer, NI
Multisim is a more complete tool.
Altium Designer was the used tool for designing the schematic circuits intended to
develop, with all the component details, as well as the PCB created. The desgin of the
board used to stablize the hydraulic system and the planning done so everything would
fit inside the choosen box was also done using this software.
Atmel R© Studio was the used tool for developing firmware for the MCU while Matlab R©
was used for signal processing the acquired signal and to develop a desktop user interface
to show the blood pressure values.
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Finally, Android Studio was used to develop an Android APP that communicates with
the device in order to receive the blood pressure reading through Bluetooth Low Energy.
1.6 Thesis Outline
This thesis is divided in 7 chapters.
Chapter 1 defines the motivation, the contribution and the main goals to be achieved
at the end of the project as well as the stakeholders that made this project possible and
the project scheduling. A report structure is also provided for a better understanding
of the topics covered during this thesis.
Chapter 2 describes the cardiovascular system, the most important concepts around
blood pressure and its influence. The signal characteristics and the measurement tech-
niques are also presented before the overview of the existing standards and certifications,
the state of the art and the solutions already in the market.
Chapter 3 specifies the device system requirements divided into seven areas and three
levels of importance and presents a big picture of the whole project architecture as well
as the tools used.
Chapter 4 details the hardware design and the decisions made throughout the project.
Chapter 5 explores the firmware developed for the ATxmega128A3, the algorithms for
systolic and diastolic pressure determination and the user interfaces developed.
Chapter 6 specifies the benchtests made to evaluate the device accuracy and precision
and its results.
Chapter 7 recalls the initial project goals and compares it with the project output,




This chapter describes the cardiovascular system, the most important concepts around
blood pressure and its influence. The signal characteristics and the measurement tech-
niques are also presented before the overview of the existing standards and certifications,
the state of the art and the solutions already in the market.
2.1 Cardiovascular System
Circulatory system is a closed network of tube-shaped arteries, arterioles, capillaries,
venules and veins connected to a motor pump, suction-pressing, the heart.
When the heart starts working, it creates a pressure difference, which makes blood flow
from the higher to lower pressure regions through the circulatory system around the
body.
The one way circulation of the blood is possible due to the existence of heart valves that
prevent blood flowing backwards.
Cardiovascular System main functions comprise:
• Transport nutrients, gases, hormones, etc.;
• Nourish the cells and remove their metabolism products;
• Carry antibodies responsible for the body’s defense;
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• Balance the internal environment;
• Regulate Body Tempeature;
2.1.1 The Heart
The human heart is a muscular pump which makes the blood circulate through the body
mainly in order to provide oxygen and remove carbon dioxide from the body’s various
systems.
Figure 2.1: The Human Heart Anatomy
The interior of the heart is divided into four chambers divided two by two as figure 2.1
shows: left ventricle and left atria, where the arterial blood circulates, and right atria
and right ventricle , where the venose blood circulates.
Both atria contract and empty simultaneously into the ventricles, which also contract in
unison. The atria are separated from each other by the thin muscular interatrial septum,
while the ventricles are separated from each other by the thick muscular interventricular
septum.
The walls of the left ventricle are thicker than those of the right ventricle because it
needs to pump the blood at a much higher pressure to reach the entire body.
The two atrioventricular (AV) valves, the mitral valve (bicuspid valve), and the tricuspid
valve, lie between the atria and ventricle.
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The two semilunar (SL) valves, the aortic valve and the pulmonary valve, are located at
the bases of the large vessels leading heart. The heart valves maintain a one-way flow
of blood.
2.1.2 Cardiac Cycle
The cardiac cycle is the sequence between contraction (systole) and relaxation (diastole)
of the heart.
Figure 2.2 portrays two cardiac cycles and the different events occurring during it
Each cardiac cycle takes about 0.8 seconds under normal circumstances and correspond
to a complete heart beat. Artrial systole takes 0.1 seconds and is followed by ventricular
systole which takes 0.3 seconds and then by diastole during 0.5 seconds.
Figure 2.2: Cardiac events occurring during a cardiac cycle
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2.1.3 Blood Pressure
Blood pressure refers to the arterial pressure of the systemic circulation, usually mea-
sured at a person’s upper arm, and it is represented by two numbers: systolic pressure
(SP), the pressure in the arteries when the heart beats, and diastolic pressure(DP), the
pressure in the arteries between heart beats.
Although most devices do not show this number, devices using oscillometry also measure
mean arterial pressure (MAP) and calculate systolic and diastolic pressure based on that
value as will be explained on the following chapters.
The equation 2.1 represents an approximation of this relationship.
MAP ' DP + SP−DP
3
(2.1)
Along with body temperature, respiratory rate and pulse rate, blood pressure is one of
the four main vital signs routinely monitored by medical professionals and healthcare
providers.
Also, during anaesthesia it is one of the minimum standards of patient monitoring re-
quired once in combination with pulse oximetry and capnography it detects 93% of
adverse events occurring [23].
2.1.3.1 Influencing Factors
Blood pressure measures the force pushing outwards on the arterial walls made of muscle
and semi-flexible tissue that stretches like elastic when the heart pumps blood through
them.
Over time, if the force of the blood flow is often high, the tissue that makes up the walls
of arteries gets stretched beyond its healthy limit and gets damaged which may create
several problems like vascular weaknesses, increased risk of blood clots, vascular scarring
or cholesterol and plaque build-up at the damaged sites.
Narrowing the blood arteries and vessels makes the heart pump harder to be able to
reach all the body which may create pathologies as heart attacks or strokes, resulting in
premature death or disability.
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On the other hand, although low blood pressure can also have similar consequences as
long as no symptoms of it are present, low blood pressure is not as much of a problem
as high blood pressure is.
The three most important physiological variables affecting blood pressure are related by
equation 2.2:
• Peripheral Resistance: the size and compliance of the blood vessels that the blood
is flowing into;
• Cardiac Output: the amount of blood pumped by the heart over any given amount
of time;
• Blood Volume: the amount of circulating blood;
Blood Pressure = Cardiac Output× Peripheral Resistance (2.2)
Various genetic and environmental factors may affect blood pressure [24].
A study showed that normal blood pressure values fluctuate through the 24-hour cycle,
with highest readings in the afternoons and lowest readings at night [25]. Also, systolic
blood pressure has a strong tendency to increase with age and with it the prevalence of
hypertension.
In children, the normal ranges are lower than for adults and depend on height [26]. As
adults age, systolic pressure tends to rise and diastolic tends to fall [27]. In the elderly,
blood pressure tends to be above the normal adult range [27], largely because of reduced
flexibility of the arteries. The risk of cardiovascular disease increases progressively above
115/75 mm Hg [28].
Within these factors there are some we cannot control such as age, sex, country, emo-
tional reactions, digestion, family history, diabetes, kidney problems, time of the day
and circadian rhythm that influence a person’s average blood pressure and variations in
it.
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However the control of risk factors related with lifestyle like salt intake, weight, regular
exercise, sleep, smoking, alcohol consumption, stress and diet are essential in preventing
and in managing hypertension.
Due to high variability of factors hypertension and hypotension is diagnosed only along
with secondary signs and several readings with at least one of the values, systolic or
diastolic pressure, out of the normal borders pointed out in table 2.1
Table 2.1: Classification of blood pressure for adults [29] [30]




Stage 1 hypertension 140–159 90–99
Stage 2 hypertension 160–179 100–109
Hypertensive emergency ≥ 180 ≥ 110
2.2 State of the Art
It is predicted that the patient monitoring market will grow significantly in the next
years. As reported by several market studies the devices that measure patient’s vital
signs across the patient’s house or hospital building are the fastest growing medical
devices in terms of revenue earned. According to one of them, revenues have doubled in
the last four years and it is expected to double in the next four. To demonstrate part
of this statement, a growth of 23% between 2008 and 2010 was seen in the remote and
wireless patient monitoring devices [31].
While for over a century the auscultory method was the most used by healthcare
providers, nowadays almost all the medical devices use the oscillometric method to
measure blood pressure. Although it is impossible to have continuous readings with this
method it is the only known non-invasive and automatic method which assures accurate
results.
In this section different types of blood pressure measurement methods will be analysed
as well as some solutions. For each one of them its advantages and drawbacks will
be stressed, the methods used, certifications and protocols they respect and the future
prospectives.
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The different acquisition systems and algorithms will be discussed in the following chap-
ters where the decisions made for this project will be explained.
Figure 2.3: Pulse tracings obtained by Marey using the sphygmograph in 1863[32]
Hales first measured blood pressure in 1733 by inserting tubes directly into the arteries
of animals. Non-invasive techniques for the measurement of blood pressure have been
in existence since the early 1800s, although Riva Rocci, an Italian physician, is credited
with developing the first conventional sphygmomanometer in 1896.
In 1905, Nicolai Korotkoff described various sounds while auscultating over the brachial
artery during deflation of a Riva Rocci cuff [33].
All techniques for the measurement of blood pressure have known limitations as ex-
plained below and apart from their limitations there are external factors that can influ-
ence the measurements such as:
• Operator variability: Non-trained people applying manual methods may lead to
false blood pressure values;
• Use of the wrong cuff: People with large arms need a larger cuff for measuring
blood pressure. It is common considering the fact that not all healthcare facilities
have all sizes available;
• Few measurements: The measurement should be repeated until we have two values
with less than 5% difference between them. According to the ”Protocol on taking
blood pressure for Dutch GP’s” the ”true” blood pressure is the average of these
two measurements;
The gold standard method of measuring blood pressure is invasive intraarterial moni-
toring. However, this also has associated risks, explored on the next section.
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2.2.1 Invasive and Continuous Methods
As said before invasive intraarterial monitoring is the gold standard of blood pressure
measurement giving accurate beat-to-beat information.
In general, systolic pressure will be slightly higher and diastolic pressure slightly lower
than non-invasive measurements.[34]
These methods based on invasive blood pressure measurements are generally used in
hospitals, especially in intensive care units when long-term measurement in patients is
required avoiding repetated cuff inflation. However, it is well known that these methods,
in addition to discomfort, carry some risk for patients such as pneumothorax, arterial
injury, infection, thrombosis, and air embolism [35]. Therefore, non-invasive methods
that offer a similar degree of accuracy can be an alternative to avoid these risks without
compromising the results.
2.2.2 Non-Invasive and Continuous Methods
Several investigation groups and companies are working on different methods but there
is still no method with public demonstrated results that overcome oscillometric method.
TARILIAN Laser Technologies’s announced in 2011 a revolutionary patented technology
with FDA certification based on a novel non-invasive optoelectronic system using a laser
plataform expected to reach over 1 million units in 2013, but no press release or activity
is registed since then.
Pen˜a´z principle for measuring blood pressure was used by Finapres Medical Systems for
developing Finapres, Finometer and Portapres and by BMeye to develop Nexfin. The
method uses a small cuff around the finger that requires calibration using an arm cuff.
This small cuff is placed around a finger and a light emitting diode within the cuff shines
light through the finger and it is detected on the other side by a photocell. The amount
of light absorbed by the tissues is proportional to the volume of blood through which it
passes. With each cardiac cycle, the volume of blood within the finger varies and with it,
the amount of light absorbed. In order to keep the amount of light absorbed constant,
the volume must also be kept constant and so pressure is applied to the finger using the
cuff. The applied pressure waveform correlates to the pressure waveform of the arterial
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supply to the finger. The information can be displayed as a real-time waveform and as
a trend.[34]
This technique has conflicting data regarding the validity of readings. While highly
accurate in vasodilated patients and those with normal circulation, it is less accurate
in hypotensive patients or those with vascular insufficiency. Small changes in position-
ing and tightness of the finger cuff on the same patient can lead to wide variation in
readings.[36]
The high variability depending on the subject and the position of the sensor is the
biggest problem when creating a continuous blood pressure measurement device for the
market that fits for different people.
2.2.3 Non-invasive and Non-Continuous Methods
Intermittent, non-invasive systems requires three key components:
• an inflatable cuff for occluding the arterial supply to the distal limb;
• a method for measuring pressure;
• a method for determining the point of systolic and diastolic blood pressures.
A cuff is placed circumferentially around the limb. Most commonly the upper arm is used
although it is possible to use the forearm or leg when the upper arm is inaccessible, for
example due to surgical requirements. The cuff should be 20% wider than the diameter
of the part of the limb being used (or cover two-thirds of its length).[27] Cuffs that are
too small will lead to overestimation of blood pressure and vice versa.
The cuff is inflated to a pressure above arterial systolic pressure. At this point, the walls
of the artery are opposed preventing blood flow. The cuff is then deflated below systolic
pressure allowing blood flow to resume. This flow can then be detected using various
means such as the methods analysed in this report: palpitation, doppler, auscultation
and oscillometry.
Chapter 2. Blood Pressure Measurement 24
2.2.3.1 Palpitation
The palpatory method is based on the original technique of Riva-Rocci from 1896.
The brachial cuff is inflated to obliterate the peripheral pulse and then gradually deflated
at 3 mmHg/second until the peripheral pulse is again felt at the radial artery.
The cuff pressure at which the pulse is initially felt is the systolic pressure. With this
method, it is not possible to determine diastolic pressure as there is no other means to
determine the trough of the pulse since the pulse can be felt continuously following cuff
deflation.
While being easy to perform, this technique has been shown to underestimate systolic
pressure of 120 mm Hg by 25% [37] [38] while diastolic and mean blood pressures cannot
be determined.
2.2.3.2 Doppler
Systolic pressure can also be determined using the Doppler principle. Blood flow towards
or away from the Doppler probe, reflects sound waves causing a change in frequency that
is detected using the same Doppler probe. Due to the high sensitivity of the Doppler
method, this technique is usually reserved for the measurement of low pressures (vascular
insuffiency).
2.2.3.3 Auscultation
In 1905, Nikolai Korotkoff, a Russian physician, observed that sounds heard through
the stethoscope placed over the brachial artery change: they appear and disappear as
the brachial cuff is gradually deflated [39]
This method for blood pressure estimation consists on the auscultation of the Korokoff
sounds on the brachial artery which are different from the ones listened on the heart,
represented on figure 2.2.
Although the origin of the Korotkoff sounds entails a complex interaction between gener-
ation of turbulent flow due to arterial obstruction and vibration of the arterial wall [40],
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the cuff pressure at which the sounds are initially heard correspond to arterial systolic
pressure, and when they disappear, to diastolic pressure.
One of the characteristics of Korotkoff sounds is that they continue for some time during
cuff deflation below diastolic pressure. Hence a more formal description of the phases of
theKsounds is employed to standardize measurement [41] [42].
The spectrum of the Korotkoff sounds is divided into five different phases also represented
on figure 2.4:
• phase 1: appearance of the sound with a ‘snapping’ characteristic;
• phase 2: continuous persisting murmurs;
• phase 3: increasing of sound intensity above that of phase II;
• phase 4: muffling of sounds;
• phase 5: cessation of sounds.
Figure 2.4: The 5 phases of Korotkoff Sounds
The pressure measured in the beggining of phase 1 is the systolic pressure. Recommen-
dations for determinations of diastolic pressure are to use phase 5. However, if sounds
persist, phase 4 should be used. The second and third Korotkoff sounds have no known
clinical significance.[27]
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While being simple to perform, operator variability due to differing interpretations of
diastolic pressure can be significant.
For over a century the technique of blood pressure measurement developed by Riva-Rocci
and Korotkoff has provided most of the data on hypertension diagnosis and treatment.
Its limitations, however, became increasingly evident and therefore alternative solutions
naturally appeared [43].
2.2.3.4 Oscillometry
Figure 2.5: Comparation between the oscillometry and the auscultation method
The oscillometric method was first demonstrated in 1876. It involves the analysis of the
oscillations caused by the blood flow in the cuff pressure during its deflation.[41] [44]
Compared to the mean cuff pressure, the oscillations are relatively small [27].
As the pressure oscillations are only “visible” if the cuff pressure is released gradually
and slowly (3 to 5 mmHg/s) [27] , a solenoid valve is usually used to do this.
When the oscillogram is plotted as a function of mean cuff pressure as it happens on
figure 2.5, the oscillation amplitude increase from close to zero to a maximum and then
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decrease to a smaller value or zero. The pressure at maximum amplitude corresponds
to the vascular unloading condition of minimal (or zero) transmural arterial pressure.
At this pressure, there is maximal wall expansion and the cuff pressure is equal to the
mean arterial pressure.[41] To obtain systolic and diastolic pressure, an algorithm is
used on the oscillogram to obtain characteristic points that can be identified to correlate
with these pressures. Systolic pressure is generally easily identified as the cuff pressure
where the oscillations begin. Diastolic pressure does not always correspond to the dis-
appearance of the oscillations and devices employ proprietary algorithms to identify this
pressure value.[44]
Finding the systolic and diastolic pressures is done by first obtaining experimentally the
systolic and diastolic ratios. The systolic ratio may range from 45% to 73% of the peak
height on the rising pressure phase while the diastolic ratio may range from 69% to 83%
of the peak height on the falling pressure phase [45].
2.2.4 Overview
All the 35 companies listed on the table 2.2 use oscillometry as measurement method,
have at least one product respecting the minimum standards and protocols and are
certified in Europe, USA, Canada, Australia and New Zeland being the other products,
if existing, inferior for market positioning reasons. This shows all these companies have
the know-how to create an accurate device for measuring blood pressure.
As seen in the table 2.2 Omron Healthcare, founded in 1933, is the world’s largest
supplier of blood pressure monitors. The differences between brands stand on the way
they get to the clients, the business model, the connectivity with other devices and
platforms and how they treat and present the data collected.
While the standard location for blood pressure measurement is the upper arm, wrist
devices have become popular for home use. The mechanism used by wrist and upper
arm devices for measuring blood pressure is essentially the same. The wrist devices have
the advantage of being smaller and lighter than upper arm devices, are easier to fit, and
do not require the patient to undress but are also less accurate.
Even though all the companies have the know-how for building a blood pressure monitor
the features differ from device to device, being the most common the following:
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• Type of cuff: The cheaper devices of each brand uses regular cuffs while the supe-
rior ones use more comfortable cuffs and may even contract in silence. Each device
may supply more than a cuff with different sizes
• Storage: Ability to store the date and time along with readings can go from none
to 100 reading of 2 users
• Type of Protocol: The protocols explained in 2.3 may differ between devices
• Type of Algorithm: Oscillometry method is the most used one but there are still
devices using other methods. While most of the devices get one reading some
devices also automatic average 3 consecutive readings in 10 minutes
• Connectivity: Ability to connect to a computer or mobile phone using Bluetooth,
a cable or do not connect at all
• User interfaces and Data treatment: desktop, web or mobile applications which
make it possible to monitor, storage, analysis and review the acquired data
• Alerts: Irregular heart beat detection, movement detection or a high blood pressure
indicator where the measured bood pressure is compared to the normal values
showing an indicator are some of the usual alerts
• Sensors: Cuff Wraping Guide and Advanced Positioning Sensor indicates when the
cuff is in the correct position
The future of the blood pressure devices will evolve to a portable, more convenient,
smaller and beautifully designed devices once they start to be more than ever a personal
device.
Concerning this vision, mention must be made to the French technology company With-
ings which joined portability, design and connectivity with Android and iOS devices for
creating one of the most convenient devices in the market as be seen on figure 2.6.
iHealth deserves to be the mentioned due to the way it gets to the clients. Apart from
being sold in shops like Walgreens, Best Buy, and Amazon it is also sold as a smart
phone accessory not only on Apple retail Store but also on Xiaomi stores, the biggest
Chinese smart phone brand only globally trailed by Samsung and Apple. Figure 2.7
shows one of the two wrist devices iHealth Labs launched.
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Figure 2.6: Withings Wireless Blood pressure Monitor
Figure 2.7: iHealth Wireless Blood pressure Monitor
Both Withings and iHealth devices are compliant with European medical device regula-
tions, have received clearance from the FDA in the USA and are also medically approved
in Canada and Australia.
2.3 Evaluation Standards and protocols
Standards for evaluating blood pressure measurement devices are set by professional
societies. At present there are three main societies that have issued recommendations:
the Association for the Advancement of Medical Instrumentation (AAMI), the British
Hypertension Society (BHS) and the European Society of Hypertension (ESH).
The original standard for validation of electronic or automated sphygmomanometers
as used with an occluding cuff was published by the AAMI in 1986, with subsequent
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Table 2.2: List of the currently available upper arm and wrist devices for Self-














Omron Oscillometry 60 58 2 - 16 14 2 - 76
Microlife Oscillometry 21 20 1 - 2 2 - - 23
Pic Solution
(Artsana)
Oscillometry 12 12 - - 2 - - - 14
Braun Oscillometry 6 6 - - 7 7 - - 13
A&D Oscillometry 12 10 2 - 1 - 1 - 13
Andon Oscillometry 9 8 - 1 0 - - - 9
Nissei Oscillometry 7 7 - 2 2 - - 9
Beurer Oscillometry 8 8 - - 0 - - - 8
UEBE
Visomat
Oscillometry 5 5 - - 1 - - - 6
Citizen Oscillometry 4 4 - - 1 1 - - 5
Foracare Oscillometry 4 4 - - 0 - - - 4
Medel Oscillometry 3 3 - - 1 1 - - 4
Health & Life Oscillometry 2 2 - - 1 1 - - 3
iHealth Oscillometry 2 2 - - 1 1 - - 3
BIOS Oscillometry 2 2 - - 0 - - - 2
Hartmann
Tensoval
Oscillometry 2 2 - - 0 - - - 2
Honsun Oscillometry 2 2 - - 0 - - - 2
Kingyield Oscillometry 1 1 - - 1 1 - - 2
Oregon Oscillometry 2 2 - - 0 - - - 2
Panasonic Oscillometry 2 2 - - 0 - - - 2
Rossmax Oscillometry 1 1 - - 1 - - - 2
Sensacare Oscillometry 1 1 - - 1 - - - 2
Spengler Oscillometry 2 2 - - 0 - - - 2
Transtek Oscillometry 1 1 - - 1 - - - 2
Colson Oscillometry 1 1 - - 0 - - - 1
IEM Oscillometry 1 1 - - 0 - - - 1
Lloyds
Pharmacy
Oscillometry 1 1 - - 0 - - - 1
Medipro Oscillometry 1 1 - - 0 - - - 1
Polygreen Oscillometry 1 1 - - 0 - - - 1
Samsung Oscillometry 0 - - - 1 - - 1 1
Seinex Oscillometry 1 1 - - 0 - - - 1
Taidoc Oscillometry 1 1 - - 0 - - - 1
Thermor Oscillometry 1 1 - - 0 - - - 1
Welch-Allyn Oscillometry 1 - 1 - 0 - - - 1
Visicor Oscillometry 0 - - - 1 - - - 1
revisions. The specific methodology requires tests to be conducted in 85 subjects with
three measurements in each subject. The criteria states that the 255 measurements
should give a mean difference of ±5 mmHg and a standard deviation of 8 mmHg for
systolic and diastolic pressure.
The BHS criteria is established from the AAMI protocols with three measurements in 85
subjects with the addition of cumulative percentage of differences between a reference
and the device being tested. The different categories or differences are 5, 10 and 15
mmHg that determine a grade of classification of A, B, C and D, being D all the other
which have bigger differences than 15 mmHg. [47] [48]
The ESH attempted to simplify the BHS procedures by reducing the protocol to two
parts, with 15 and 18 subjects in each. It uses similar category differences as the BHS
are used for validation criteria. [49]
Information regarding all aspects of blood pressure measurement, ranging from specifica-
tions and testing of commercial devices, standardization of measurement techniques and
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a continuously updated list of relevant publications techniques, is contained in a com-
prehensive online resource based on the broad and long experience of Dr Eoin O’Brien
in the field of arterial blood pressure measurement. [50]
The content is regularly updated and is rich in quantitative data. Devices are classified
in specific categories:
• Devices for clinical use: manual, mercury sphygmomanometers, aneroid sphygmo-
manometers, automated devices for clinical use;
• Self-measurement devices: upper arm cuff devices, wrist devices, devices for com-
munity use;
• Ambulatory blood pressure measurement (ABPM) devices: devices for intermit-
tent measurement;
All of these classes of devices have linked tables of specific devices and manufacturers
classified as ‘recommended’, ‘questionable’ and ‘not recommended’, based on an evalu-
ation of a set of standardized criteria based on the international protocol (IP) approved
by the ESH, the BHS and the AAMI Standards.
A recommended device achieves a BHS grade B or A for both systolic and diastolic
blood pressures, and/or passes the ESH International Protocol criteria for both systolic
and diastolic pressures.
While a not recommended device achieves a BHS grade C or D for either systolic or
diastolic pressure, and/or fails the ESH International Protocol criteria for either systolic
or diastolic pressures.
The ’questionable’ classification is a device for which there is doubt about the strength
of evidence presented in the study.
An adapted overview of the currently used self-measurement devices may be found at
the end of this chapter on table 2.2.
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2.4 Certification
Apart from respecting standards and protocols, medical devices also need to be certified
so they can be launched into the market and the legislation is different depending on
the country.
Once Europe and USA are the biggest markets we will only analyse briefly the certifi-
cation process in this two areas.
Altough for a product to be launched in Brazil, Australia or Canada, as example, it
needs to respect legislation defined by other organizations and different from each other.
The certification organizations in these countries are Ageˆncia Nacional de Vigilaˆncia
Sanita´ria (ANVISA), Therapeutic Goods Administration (TGA) and Health Canada.
2.4.1 FDA
The Food and Drugs Administration (FDA) is a scientific, regulatory and public health
agency of the United States Federal Government that regulate among other things med-
ical devices.
It is responsible for protecting public health assuring the safety and performance of
drugs for animal or human consumption, biological products, medical devices, foods,
cosmetics and product that emit radiation.
2.4.2 CE
The CE mark in a product is a manufacturer’s claim that it meets the essential require-
ments of the applicable directive and it is a legal mandatory requirement to place a
medical device in the European market.[51]
The countries that recognize this marking are in the European Economic Area (EEA),
Switzerland, Macedonia and Turkey.
CE marking is not an indicator that a product was made in Europe, it only states
that the product was assessed before being placed in the market according to the legal




This chapter specifies the device system requirements divided into seven areas and three
levels of importance and presents a big picture of the whole project architecture.
The main goal of the project is to develop an hardware and a firmware able to measure
systolic pressure, diastolic pressure and heart rate of a user and send its readings through
Bluetooth Low Energy to a smart phone or computer. A linear approximation algorithm
will be used to treat the data acquired using the oscillometric method.
There are some desirable requirements that should be achieved if possible such as:
• Being safe for everyone to use
• Respecting an international protocol for measuring blood pressure
• Having low electric consumption
• Being portable
• Being low cost device
• Creation of a desktop and mobile interface
The system requirements are divided by the following types:
33
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• Functional: Describes the system characteristics and what the system should
effectively do;
• Power and Autonomy: Describes the type of power (220V, 12V, AC, DC, bat-
teries), protections (fuses, circuit breakers), batteries lifetime (when applicable),
etc;
• Interfaces: Describes the interface with the user, with other devices (type, range,
protocol) and with other costumer processes, communication;
• Design and Mechanical: Describes the dimensions, ingress protection rating
(IP code), materials, appearance (color, form), layout, etc;
• Regulatory: Describes the norms and directives the system should comply with
and certificates that should be provided to the costumer;
• Alarms and Errors: Describes what are the situations that must trigger an
alarm or an error, what the system should do in these situations (alarm and error
signalization, system behavior in case of alarm or error);
• Non-Functional: Describes the constraints on the design or implementation,
such as performance requirements, quality standards or design constraints (how
easy the software is to use, how quickly the system reacts, how well the system
behaves when unexpected conditions arise), etc;
For each requirement there is a sequential number that identifies the requirement called
ID, the requirements ID the requirement interferes with and a classification of the re-
quirement according to three levels of importance
• Critical: Implies that the final product will not be acceptable unless these re-
quirements are provided in an agreed manner and for some other reason they have
more development priority than the Mandatory ones. It is the Importance Level
1.
• Mandatory: Implies that the final product will not be acceptable unless these
requirements are provided in an agreed manner but for some other reason they
have less development priority than the Critical ones. It is the Importance Level
2.
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• Desirable: Implies a class of functionalities that may be worthwhile to develop if
they don’t compromise the deadlines. It is the Importance Level 3.
Table 3.1: Functional Requirements
ID Type Requirement Importance Interfers with
F-01 Functional
The pump should be turned off when a
cuff pressure of 220 mmHg is reached
Level 1 A&E-02
F-02 Functional
If the pump does not turn off 26 seconds
after the beginning of the measurement




The blood pressure measurement method
should respect the oscillometric method
Level 1 F-05
F-04 Functional
Once the measurement finishes the MCU
should send the blood pressure readings
by Bluetooth for the interface
Level 1 A&E-03
F-05 Functional
After the pump turns off the valve should
open decreasing the pressure at lower rate
than 5 mmHg/s
Level 1 F-03
Table 3.2: Non-functional Requirements
















Each blood pressure measurement should
take less than 90 seconds
Level 2
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Table 3.3: Interfaces
ID Type Requirement Importance Interfers with
I-01 Interfaces
The system should have a desktop or mo-
bile interface to display the systolic pres-





The device panel should have a ON/OFF




The interface should have a
START/STOP button which will start
the measurement, turning the pump
on and closing the valve, and stop the
measurement turning the pump off and
opening the valve
Level 1
Table 3.4: Mechanics and Design Requirements








Maximum dimensions of the device box
shoud be 175x104x65 mm mm




The device box shoud have a tag sticked
to the surface to show safety informations,
identify who developed it and in what con-















ID Type Requirement Importance Interfers with
R-01 Regulatory
The device should respect the recommendations
of the AAMI, BHS and ESH.
Level 3
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Table 3.6: Alarms and Errors




There should be a Light Emitting Diode
(LED) indicating when the battery level





If F-02 happens it should send the error
message: ‘The pump is not working cor-
rectly. For your safety, the system turned
off’




If F-06 does not happen the system should
send the error message: ’The system was
not able to show the readings. Please re-
peat the measure’
Level 2 F-04; I-01
Table 3.7: Power and Autonomy




The system, fully charged, should be able
to take 200 blood pressure measures with-











In this section an overview of the whole project architecture and the development
methodology as well as the tools used will be done.
3.2.1 Pneumatic System
Figure 3.1: Pneumatic Circuit Diagram constituted by a pump, valve solenoid, pres-
sure sensor, NIBP connector and cuff
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As the figure 3.1 shows the pneumatic system connects the pump, the valve, the cuff
and the pressure sensor. The whole system is connected by a polyurethane tube with
external diameter of 4 mm and internal diameter of 2.5 mm. The two T connectors
used have an external diameter of 3 mm and the Patient Monitor NIBP connector has
an external diameter of 3.97 mm. The diameters were chosen taking into account the
external diameters of the valve solenoid (3 mm diameter), the pump (4.3 mm diameter)
and pressure sensor (3.04 mm diameter) so the pneumatic system could be tight.
The pressure sensor reads the cuff pressure values that will be sent to the microcontroller
(MCU) which control the two actuators: the pump which is responsible for increasing
the cuff pressure and the valve solenoid both responsible for closing the system so the
cuff pressure could increase or stabilize, depending on the pump activity, and opening
it so the pressure could decrease.
3.2.2 Electric System
Figure 3.2: Electric Circuit Block Diagram divided in Signal Conditioning System,
Control System, Communication System and Power System
The electric system presented on figure 3.2 is centralized on the MCU and may be
divided in Power, Signal Conditioning, Control and Communication System. The system
is powered by a chargeable battery that can be charged by micro Universal Serial Bus
(micro USB) port. The cuff pressure is the input of the Signal Conditioning System
which pass through an anti-aliasing filter to eliminate the high frequencies and is sent
to the analog to digital converter (ADC) pins of the MCU.
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The MCU controls each one of the actuators, the pump and the valve. Although it is
not represented in this diagram, a diode is also used to prevent actuator damage, due
to inverse current that may be created by voltage peaks.
Finally, the communication system consists of a connection of the MCU to a Bluetooth
module that will send the blood pressure reading to other device using a Bluetooth
protocol. There is also a pair of extra headers to interact with external peripherals:
a PDI Header for programming the MCU and an USART header for debugging and




This chapter details the previous presented architecture and some of the decisions made
throughout the project.
After choosing the pump, the valve, the battery and designing the first PCB drafts, a
suitable box was choosed. From then on all the product design was done having in mind
the dimmensions of the OKW Soft-Case XL without battery compartment (150x92x28
mm) [52]. It has an handy design with soft contours for a pleasant touch sensation and
a wide connector mounting panel to accommodate connections.
4.1 Product
Figure 4.1: Left: External View of the Device Right: Internal View of the Device
As figure 4.2 shows the mounting panel was pierced so the ON/OFF button, the cuff
connector, the two LEDs and the micro-USB could fit.
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Figure 4.2: FR-4 board developed to accommodate the pump, the valve and the
battery
Left: 2D Visualisation Right: 3D Visualisation
An FR-4 board to accommodate the pump, the valve and the battery and the PCB was
also developed. The PCB was screwed to the FR-4 board which was also screwed to
the box. The pump, the valve and the battery were attached to the FR-4 board using
security seals.
The cuff pressure diameter ranged between 27.5 cm and 36.5 cm.
4.1.1 Printed Circuit Board (PCB)
Figure 4.3: First PCB designed for this project
Left: Top Layer Right: Bottom Layer
A PCB is used as physical support for the electric connections between the components.
As explained later on Chapter 6 the tests made to the first PCB designed, represented on
4.3, did not have the expected output so an improved PCB was developed mainly with
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Figure 4.4: Second Version of the PCB designed for this project and its organization
Left: Top Layer Right: Bottom Layer
changes on the signal conditioning system. The second PCB version and its organization
are shown on figure 4.4
Apart from the ON/OFF button and the two LED indicators on the panel, the pump,
the valve and the battery all the electric components of the device and its connections
are on the PCB.
Figure 4.5: Simulation of the PCB inside the choosed box
Altium Designer R© makes it possible to simulate a 2D and 3D visualisation of the boards
before being printed as figures 4.6 and 4.7 show and whether the board fits inside the
choosed box and how it looks as may be seen on figure 4.5.
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Figure 4.6: Design of the Second Version of the PCB using Altium Designer
Left: 2D Visualisation Right: 3D Visualisation
Figure 4.7: 3D Visualisation of the first PCB designing using Altium Designer
Left: Bottom Layer Right: Top Layer
4.2 Signal Conditioning System
The Signal Conditioning System reads the cuff pressure and generates a signal to be
read on the MCU’s ADC.
In electronics, signal conditioning means manipulating an analog signal in such a way
that it meets the requirements of the next stage for further processing. It can include
amplification, filtering, converting, range matching, isolation and any other processes re-
quired to make sensor output suitable for processing after conditioning. In this project
the signal conditioning system is responsible for reading the cuff pressure and transform-
ing it into a digital signal the MCU’s ADC can analyse and process.
The filters can be either analog, using electronic components, digital, by firmware, or a
mixture of both. For this project two ways were studied both with a mixture of analog
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and digital signal conditioning. This section will be only about the analog filtering while
the digital filtering is explored on Chapter 5.
Analog filters can be divided in passive filters, created with resistances, inductors and
capacitors, and active filters which use transistors and operational amplifiers.
Compared to passive filters, active filters are relatively more expensive, require power,
have bandwidth limitations, their high frequencies performance is limited by the gain-
bandwidth product of the amplifying elements, but within the amplifier’s operating
frequency range, the op amp-based active filter can achieve very good accuracy. They
will also generate noise due to the amplifying circuitry that may be minimized by the
use of low-noise amplifiers and careful circuit design.
On the other hand, active filters may have gain, have small signal losses because of the
high input impedance and low output impedance difficulty to get in passive filters and
are typically easier to design, smaller in size and weight [53].
For the project only passive low-pass filter, that reject frequencies above its cut-off fre-
quency, and passive high-pass filter, that rejects frequencies below its cut-off frequency,
are used. Their cut-off frequency is defined by the equation 4.1 but it is also important
to take into account that there are differences between ideal and real filters. Figure
4.8 shows the difference between an ideal filter that removes all the frequencies above
or below its cut-off frequency, depending on the type of filter, and a real filter which






Still within the analog signal conditioning there is more than one option when choosing
the type of components: it can be done using discrete solutions or an integrated solution
with the advantage of being much smaller while integrating all the necessary components.
Since two ADC channels will be used, it was also studied in this subsection if sampling
should be simultaneous or sequential.
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Figure 4.8: Comparasion between the response of an ideal filter and 1st, 2nd, 3rd, 4th,
5th and 6th order real filters [54]
4.2.1 Pressure Sensor
The Pressure Sensor reads the cuff pressure and returns an analog value. An overview
of the three pressure sensors studied is given on table 4.1. While the NPC-1220 was
used on the first prototype the MP3V5050GP was used on the second prototype.
Table 4.1: Overview of the Pressure Sensors studied
2SMPP-02[55] NPC-1220[56] MP3V5050[57]
Manufacture Omron Nova Sensor Freescale
Pressure Type Gauge Gauge Gauge
Supply Voltage (V) - 1.235 2.7 - 3.3
DC Supply Current (µA) 100 - -
Operating Pressure Range (kPa) 0-37 0-34.5 0-50
Operating Pressure Range (mmHg) 0-277.52 0-258.77 0-375.03
Full Scale Span (mV) 31.0 ± 3.1 mV 50.0 ± 0.5 mV 2800 ± 68 mV
Accuracy (%Full Scale Span) 3.8 1.7 2.5
Sensitivity (mV/mmHg) 0.112 0.193 7.466
Price (e/100 units) 2.84 39.72 5.87
The most basic requirement for the pressure sensor, that all the ones on table 4.1 respect,
is to be able to measure within the pressure range of interest that is above the highest
systolic pressure, defined as 250 mmHg (33.3 kPa), to below the lowest diastolic, defined
as 30 mmHg (4 kPa). Once typically the more accurate a device is the more expensive
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it is, it is important to look for the best balance between a reasonable price and the
desirable accuracy.
Although only the MP3V5050’s datasheet details the accuracy value of the sensor the
other two only detail the factors that contribute to it: Linearity (L), Temperature
Hysteresis (TH), Pressure Hysteresis (PH), Thermal Accuracy-Span (TAS), Thermal
Accuracy-Zero (TAZ) and Variation from Nominal (VN). The equation 4.2 was used
to calculate the RMS accuracy for the NPC-1220 and 2SMPP-02 sensors, being the








Figure 4.9: Output vs. Pressure Differential
Left: MP3V5050GP Right: 2SMPP-02
Of the three, NPC-1220 is the most accurate sensor and was used on the first prototype
but for the second prototype it was replaced by MP3V5050 because it is much cheaper
and still has a reasonable accuracy but most important than that it also has on-chip
signal conditioning and gain getting a signal 56 to 90 times bigger when compared to the
other two options, as figure 4.9 illustrates. Thus, in presence of noise after the pressure
sensor the impact it will have on the signal will be much smaller when using MP3V5050
sensor.
All circuit designs on 4.11 and 4.10 are different even thought they are all based on
guaranteeing a constant current drive to the sensing element that will generate an output
signal proportional to the sensed pressure oscillations. MP3V5050 sensor does all this
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Figure 4.10: MP3V5050GP Schematic Diagram proposed by the manufacturer
Figure 4.11: NPC-1220 Series Schematic Diagram proposed by the manufacturer
internally while the other options need extra electronic components, that will introduce
noise.
As seen in figure 4.11 the sensor is powered by a voltage regulator of 1.235 V and an
operational amplifier that guarantees the stability of the signal on the pressure sensor
pin 4.
Even though the Zero Pressure Output is not considered for the accuracy estimation,
once there are output differences between sensors and not between measurements of the
same sensor, it makes it necessary to calibrate the sensor before using it.
4.2.2 Studied Circuits
The output of the pressure sensor consists of two signals: the oscillation signal ( w 1
Hz) riding on the base line cuff pressure signal ( ≤ 0.04 Hz).
Three circuits to manipulate the acquired signal were studied: two from Freescale Semi-
conductor [59] [60] and one from Texas Instruments [61].
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Figure 4.12: Texas Instruments Conditioning System
The circuit from figure 4.12 is the simplest one and also the most similar to the one
developed on the first prototype. The signal passes through a second order low-pass
filter of 4.8 Hz to remove high-frequency noise and then through a buffer that is directly
connected to the MCU. The cuff pressure oscillations signal are then taken from acquired
cuff pressure signal.
Figure 4.13: Freescale Conditioning System - version 1
On the other hand, on the circuit from figure 4.13 the pressure sensor is directly con-
nected to the MCU without being filtered to get the acquired cuff pressure signal. To get
the cuff pressure oscillations signal the signal passes through two-pole high-pass filter of
0.48 Hz and 4.8 Hz and through a buffer that amplifies the signal 151 times following
the equation 4.3. The filter was designed to block the cuff pressure signal before the am-
plification of the oscillation signal. If the cuff pressure signal is not properly attenuated,
the baseline of the oscillation will not be constant and the amplitude of each oscillation
will not have the same reference for comparison. The reason why the 4.8 Hz high-pass
filter does not block the 1 Hz oscillations is because since it is not an ideal filter it acts
like on figure 4.8.
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Figure 4.14: Freescale Conditioning System - version 2
The last circuit is the one from figure 4.14 where the signal passes through a 10 Hz low-
pass filter to remove high-frequency noise and buffer circuit before being connected to the
MCU where the cuff pressure signal will be read. Then the signal passes through a 2.2 Hz
high-pass filter to attenuate the cuff pressure signal by removing the low-frequency signal
and getting only the oscillations. This signal is amplified using a non-inverting amplifier
composed by a second Op-Amp and two resistors, (100 kΩ and 1 kΩ) generating a gain
of 101 so cuff oscillations can be distinguished better. Just before being connected to
the MCU the signal is filtered again with another 10 Hz low-pass filter so high-frequency
noise can be removed.
4.2.3 First Version of the Circuit Developed
Figure 4.15: Block Diagram of the First Signal Conditioning Circuit Developed
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The first prototype uses a 12-bit ADC MCU and NPC-1220 pressure sensor with full scale
output(FSO) of 50 mV and differential output as may be seen on figure 4.15. The figure
represents the block diagram of the developed circuit for this prototype which consists
on passing both pressure sensor outputs by a low-pass filter with a cut-off frequency of
12 Hz to remove high-frequency noise and connect it to the MCU that will amplify it 16
times using its built-in amplifiers and then read on the ADC. Both resulting signals will
then pass through an 2.2 Hz high-pass filter, amplified 32 times by the MCU built-in
amplifiers and read on the ADC in order to get the cuff pressure oscillations.
Amp-ops were not used to reduce both the size and price of the hardware but, although
it should work out well to filter an ideal cuff pressure signal with the circuit of figure
4.15, the system tests presented on Chapter 6 demonstrated the noise on the read signal
was bigger than the oscillations blocking the information of the signal and making it
really difficult to process.
Using the less hardware possible has vantages such as being possible to make deeper
changes in the way the device works only changing the firmware and having a cheaper
large scale manufacture. Even being firmware a one-time cost and hardware a fixed cost
for each device, the one-time cost of firmware could be too high.
Following these, a new improved circuit and PCB was developed.
4.2.4 Second Version of the Circuit Developed
The first change from the first to the second circuit developed to minimize the influence
of noise on the read signal was the pressure sensor used. Apart from the reasons pointed
out on section 4.2.1 to replace NPC-1220 by MP3V5050 also being a sensor with a single
output compared to a differential output prevents the signal to be affected by noise.
Figure 4.16: Block Diagram of the First Signal Conditioning Circuit Developed
The second big change was the introduction of op-amps. As seen on figure 4.16 the cuff
pressure signal is got by passing the read signal through an anti-aliasing filter of 10 Hz
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and a buffer, so there is no power loss, that will be directly connected to MCU ADC. For
getting the cuff pressure oscillations signal, the resulting signal will then pass through a
2.2 Hz high-pass filter and be amplified 101 times using an amp-op.
Table 4.2: Examples of operational and instrumentation amplifiers in the market
TLC071[62] TLC2264[63] MCP6281[64] INA337[65] INA327[66]
Number of channels 1 1 1 1 1
Supply Voltage (V) 4.5 - 16 4.4 - 16 2.2 - 6 2.7 - 5.5 2.7 - 5.5
CMRR (min) (dB) 80 70 65 106 100
Rail-Rail - Out In/Out In/Out In/Out
Price (USD/1k units) 0.80 0.65 1.06 1.95 2.45
Two types of amplifiers could have been used for this application: operational (op-amps)
or intrumentation amplifiers.
In a real circuit the op-amp gain is frequency dependent but at least for low frequency
application, as this one, it works as an ideal op-amp amplifying the voltage input differ-
ence given.
Being powered by 3.3 V and working with signals around the 2.5 V it is important to
look for a rail-rail input/output (RRIO) op-amp which means this op-amp can work
with input and output signals very close to the power supply rails. [53]
The only RRIO op-amp on table 4.2 is MCP6281, that will be used on the circuit, being
also the most expensive op-amp presented due to this characteristic. An even more
expensive option are the instrumentation amplifiers. They have low noise and very low
DC offset and are used when great accuracy and stability is required being possible
to obtain a high gain, with a high input impedance and high common mode voltage
rejection (CMRR) as may be observed on the table 4.2.
Since ADC2 input, represented on the schematics of Appendix B, is a sinusoidal wave-
form a reference voltage of 1.25 V, half the ADC reference, is used to center the signal
around the middle of the voltage range read by the ADC.
4.2.5 Analog-to-digital converter
One of the most important properties of the ADC is its resolution which is the number
of discrete values it can produce over the range of analog values received. The MCU’s
ADC has a 12-bit resolution thus it is able to encode an analog input in 4096 different
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levels. For interpreting the values read on the ADC, an ADC reference is needed, being
for the first prototype an internal reference of 1 V, getting a resolution of 0.24 mV/level,
and for the second prototype an input voltage reference of 2.5 V, getting a resolution of
0.61 mV/level.
For both prototypes two signals will be measured: the cuff pressure signal, that varies
between 0 mmHg and 260 mmHg, and the cuff pressure oscillations signal, with oscil-
lations, that will have oscillations around 2 mmHg. Using the sensors pressure range
inputs and full scale span presented on section 4.2.1 these values may be translated to
volt. After passing through the signal conditioning presented on the sections 4.2.3 and
4.2.4,the first prototype ADC input range will be of 0.8 V (3276 ADC levels) for the
first signal and 12.48 mV (51 ADC levels) for the second signal while for the second
prototype the ADC input range will be of 2 V (3276 ADC levels) for the first signal and
1.55 V (2539 ADC levels) for the second signal.
As said before, the ADC works by sampling the value of the input at discrete intervals
in time. When sampling more than a signal it can be sequential or simultaneous which
highly depends on the available memory, number of ADC channels, number of signals
to be sampled and the sampling frequency needed for each. The used ADC has four
channels, thus it is not a restriction, and it is desirable to use the less number of channels
and memory possible.
In order to be possible for the resulting digital signal to reconstruct the original one, the
sampling frequency should be at least two times bigger than the frequency of interest.
Assuming the highest heart beat that can be measured has a frequency of 3 Hz (180
bpm) and that 15 points are needed to create the peak the frequency of interest would
be 45 Hz. The sampling on the developed prototypes was sequential and at a sampling
rate of 500 Hz. Of each 10 values acquired only its median is taken to be part of the
signal, getting a signal with a frequency of 50 Hz and reducing noise.
Figure 4.17 graphically shows the consequences of using a sampling frequency lower than
two times the frequency of interest, phenomenon known as aliasing, where a completely
different sinusoidal waveform with lower frequency may be reconstructed from the sample
values generated from the original waveform.
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Figure 4.17: Aliasing [67]
Other way of avoid aliasing is by low-pass filtering the signal as it happens on circuits
4.15 and 4.16 to remove frequencies above half the sampling rate.
4.3 Control System
The control system is responsible for controlling each one of the actuators, the pump
and the valve. A transistor and an optocoupler were studied for being used as control
of the actuators.
The main advantage of using an optocoupler is the galvanic protection it gives but since
the cuff, which is the interface with the user, is not an electric conductive material and
a transistor is cheaper it was the chosen one. The BC817 NPN transistor was choosed
because of its maximum collector current of 500 mA and maximum collector-emitter
voltage of 45 V which is enough for this application.
As showed in the proposed circuit a diode is also used to protect the actuators against
the current generated from voltage peaks.
4.3.1 Microcontroller
The microcontroller is the central component of this device interacting with all the
systems: signal conditioning, control, communication and power system.
Before building the final prototype, where the choosen microcontroller was the ATxmega128A3U-
AU, an hardware platform for evaluating the ATxmega384C3 microcontroller, XMEGA-
C3 Xplained Evaluation Kit, was used to get started using AVR XMEGA peripherals
right away and understand how to integrate it in the final design.
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While 128 and 384 stands for the 128 and 384 kBytes of in-system self-programmable
flash, the A and C stands for A and C series. The A series is the most performance
oriented series within the 5 series of this family being one of the reasons for being the
choosed one.
ATxmega128A3U-AU is a 64 pins MCU with 10 Serial Peripheral Interfaces (SPI), 7
Universal Synchronous/Asynchronous Receiver/Transmitter (USART/UART), 50 pro-
grammable I/O pins and 16 12-bit channels ADC with possible built-in amplification.
It may be powered from 1.6 to 3.6 V, being powered on this project by 3.3 V.
Apart from the requirements of the project Atmel R© was the choosed microcontroller
brand because it is the most used by Exatronic on their products being easier for them
to use it in the future and also to support me during the project.
Figure 4.18: Pinout of the PDI Header Connector
AVR Dragon was used for debugging both the ATxmega384C3 on the first tests and
the ATxmega128A3-AU used on the final prototype using Program and Debug Interface
(PDI) interface showed on figure 4.18.
This debugger can perform a symbolic debug on all devices with On Chip Debug (OCD)
capability with SPI, Joint Test Action Group (JTAG), PDI, high voltage serial pro-
gramming, parallel programming, and aWire modes, and supports debugging using SPI,
JTAG, PDI interfaces.
A development area lets designers build their own circuitry or add sockets for the desired
device footprint.
4.3.2 Actuators
The figure 4.19 shows the circuit used to control both the pump and the valve, being
the On/off signal given by a MCU I/O pin.
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Figure 4.19: Motor and Pump Control System Schematics
The pump is responsible for increasing the cuff pressure while the solenoid pneumatic
valve is both responsible for closing the system so the cuff pressure could increase or
stabilize, depending on the pump activity, and opening it so the pressure could decrease.
It only has two states: open and closed. While its normal state, without being powered,
is open when it is powered by at least 1.8 V the valve closes. On this project it will be
powered by 3.3 V consuming 32 mA.
The used pump is a 6 V pump but works being powered by at least 0.7 V, working at
higher rates for higher voltage. It is powered directly by the battery which means it can
be powered from 3 V to 3.7 V consuming from 140 mA to 158 mA.
4.4 Communication System
Table 4.3 presents three of the existing wireless short distance communication protocols
operating on the unlicensed ISM band frequency. Each one of them has its specific
characteristics which can be an advantage to the developer, depending on the product
being developed.
There are other features, in addition to those found in table 4.3, that may be critical
for selecting the protocol such as the compatibility or ease of communication between
devices. Bluetooth exists in almost all existing mobile devices and computers and there
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Table 4.3: Comparison of low-power wireless technologies[68] [69] [70]
Protocol Bluetooth 2.1 Bluetooth 4.0 ZigBee Wi-Fi
IEEE Standard 802.15.1 802.15.1 802.15.4 802.11a/b/g/n
Frquency (GHz) 2.4 2.4 0.868; 0.915; 2.4 5; 2.4
Maximum data rate (Mbps) 3 1 0.25 150
Indoor Maximum Range (m) 100 100 100 100
Bandwidth (MHz) 1 2 0.3/0.6/2 22
Latency (ms) ? 2.5 20 1.5
Power consumption (mW) 93.6 0.147 35.7 210
Power consumption per bit (µW/bit) 12.1 0.153 185.9 0.00525
Peak current consumption (mA) 30 12.5 27 116
Maximum number of nodes per network 8 Billions > 65000 2007
Authentication Shared Secret Shared Secret CBC-MAC WEP 2 or WAP 2
Data protection 16-bit CRC 16-bit CRC 16-bit CRC 32-bit CRC
is also a plug & play system that makes it possible for computers without this technology
to use it.
The Wi-Fi speed is much higher than any other of the protocols, however it requires an
established communication via an access point, which limits the portability of the device
or a communication via Wi-Fi Direct requiring using at least one device equipped with
this technology. Besides it, although Wi-Fi is a very efficient wireless technology, it is
optimized for large data transfer using high-speed throughput and so not suitable for
coin cell operation like Bluetooth or Zigbee.
Even thought Zigbee electric consumption is lower than Bluetooth and Wi-Fi protocols,
there are few personal computers and mobile devices supporting this technology, being
their main applications in closed systems like a factory. Regarding the transmission rate
needed, the compatibility and simplicity to establish communication and its low power
consumption Bluetooth Low Energy is the chosen wireless protocol for this device.
Concerning the network topology there are five main topologies when discussing personal
low-power radio networks: [68]
Broadcast: A message is sent from a device in the hope that it is received by a receiver
within range. The broadcaster doesn’t receive signals;
Mesh: A message can be relayed from one point in a network to any other by hopping
through multiple nodes;
Star: A central device can communicate with a number of connected devices;
Scanning: A scanning device is constantly in receive mode, waiting to pick up a signal
from anything transmitting within range.
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Point-to-Point: In this mode, a one-to-one connection exits, where only two devices
are connected, similar to a basic phone call.
The table 4.4 shows an overview of the network topologies supported by the studied
wireless technologies.
Table 4.4: Network topologies supported by wireless technologies
Bluetooth Low Energy ZigBee Wi-Fi
Broadcast yes no no
Mesh yes yes no
Star yes yes yes
Scanning yes yes no
Point-to-Point yes yes yes
4.4.1 Bluetooth
As may be seen on table 4.4, Bluetooth supports point-to-point connections, where only
two Bluetooth units are involved, point-to-multipoint connection, in Figure 4.20 (b),
being the channel shared among several Bluetooth units. Two or more units sharing the
same channel form a piconet. A Bluetooth unit acts as master of the piconet, whereas
the other units act as slave.[71].
When multiple piconets join a scatternet is formed as figure 4.20 (c) represents. In
scatternet, slaves can participate in several piconets simultaneously, and can act as
master or slave of another piconet.
Figure 4.20: Single operating piconet (a) Multiple operations Piconet (b) Operation
scatternet (c) [71]
Bluetooth can be classified in several ways, the first of which involves the maximum
power allowed and the maximum range as on table 4.5.
As might be expected, and given that Bluetooth is a communication protocol primarily
designed for portable devices and communication over short distances, the greater the
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Table 4.5: Relation between Bluetooth Class, its maximum power allowed and max-
imum range




range or the data transmission speed, the more expensive the microchip will be and
the higher will be the energy consumption, significantly reducing device autonomy [71].
Thus, the microchip selection resulted of an analysis of the system requirements, so that
the choice meets them.
Apart from the classification on range and power, Bluetooth can also be divided into
three market name categories:
• Bluetooth CLASSIC;
• Bluetooth SMART;
• Bluetooth SMART READY;
The first mode, Bluetooth CLASSIC, is the oldest one having already being upgraded
over time. The Basic Rate mode, which corresponds to the Bluetooth 1.0, has transmis-
sion rates of 0.7 Mbps, whereas in Enhanced Data Rate mode, which exists in version
2.1, the transmission rate may reach 2.1 Mbps.
More recently the version 3.0 with a transmission rate that reaches theoretical values of
24 Mbps was developed, however it is not very common because it uses 802.11 technology.
This mode is associated with devices which need high rate of data transmission [72].
Bluetooth SMART corresponds to the Low Energy version and appeared only on Blue-
tooth 4.0. It was developed thinking about low power, cost and complexity devices.
However, these low power consumption limits the data transmission rate to only 1 Mbps.
Because of the low data transmission rate needed some of the most common applications
are medical devices, computer peripherals and fitness devices [72].
Bluetooth SMART READY corresponds to dual-mode microchips which can connect to
any Bluetooth device allowing the use of both technologies, either CLASSIC or SMART
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Figure 4.21: Connectivity between Bluetooth Classic, Smart Ready and Smart [72]
as figure 4.21 suggests. This technology is generally associated with computers, smart-
phones and tablets allowing any device to connect with them.
In December 2014 an update to the Bluetooth SMART (Low Energy technology) called
Bluetooth 4.2 was launched. This version has an improvement of existing features in
previous versions, including speed, power consumption and the size of data packages
sent. This new Bluetooth version has an increased speed of 2.5 times, and package data
size 10 times bigger. The great evolution in this release is the inclusion of IPv6 protocol,
which is the most recent version of the Internet Protocol [73].
4.4.2 Bluetooth Low Energy
Bluetooth Low Energy is a technology that was developed thinking on low-power and
portable devices which could be powered by coin-cell batteries.
It is possible to work both on dual-mode and single-mode. The dual-mode implemen-
tation of Bluetooth Low Energy is integrated into an existing Bluetooth CLASSIC con-
troller allowing, as previously mentioned, to connect both devices with only Bluetooth
SMART or Bluetooth CLASSIC technology.
The four main differences when compared with Wi-Fi and ZigBee are [74]:
• Data transfer - Transfer very short data packages (between 8 and 27 bits) at 1
Mbps being unable to handle as high data throughput as Wi-Fi;
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• Frequency Hopping - In order to minimize the interference of other technologies
located in ISM band it hops faster than competing technologies through frequency-
hopping sequence after transmitting or receiving a packet. When a connection is
established the Master Unit communicates this sequence to the other units;
• Host Control - Allows the host to be in sleep mode for long periods of time, saving
energy, and be woken up by the microcontroller only when the host needs to
perform an action;
• Latency - It can support connection setup and data transfer as low as 3ms, allowing
an application to create a connection and then transfer authenticated data in
few milliseconds for a short communication burst before quickly tearing down the
connection
Table 4.6: Comparison of the characteristics of the most suitable Bluetooth modules
for this project
PAN1721 [75] AMS001 [76] RN4020 [77]
Class 2 1 1
Type 4.0 4.1 4.1
Voltage supply (V) 2-3.6 1.8-3.36 3-3.6
Interface UART SPI USB I2C UART SPI, I2C UART, PIO, AIO, SPI
Data rate (Mbps) 1 1 1
Price (e ) 12.11 11.25 11.23
Deep sleep (uA) - 1.65 0.7
Sleep mode (uA) 0.5 12 5
Inactive (mA) - - 1.5
Transmit mode (mA) 14 10.8 16
Receive mode (mA) 14.7 12.8 16
Today, all types of microchips are available either Classic, Smart or Smart Ready Blue-
tooth. Moreover, there are also modules with integrated antennas and even modules
with integrated microprocessor. For this project SMD chips with integrated antenna
were studied. The table 4.6 compares the characteristics of three of the most suitable
modules on the market.
Due to its low price and regarding that the module will be inactive or in sleep mode
most of the time, the most module suitable is RN4020.
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Figure 4.22: Charging System Schematics
4.5 Power System
The figure 4.22 shows the schematics of the device’s power system. It can be powered
both by an internal battery or by micro USB. A charger is used so the battery can be
recharged by micro USB.
To maximize the battery lifetime a voltage detector is used to turn the bulk/boost
converter off at 3 V, which consequently turns the entire device off when the battery
goes down to its recommended voltage limit.
Although it was not planned to use a battery to power the device there are two big
advantages of doing so. Besides making the device truly portable not using an AC
power source from a wall plug does not introduce the 50/60 Hz frequency noise from the
power source.
Another important component for reducing noise is the decoupling capacitor which de-
couples one part of a circuit from another. They are small value capacitor, typically
around 100 nF, and mainly used right next to power sources.
Noise caused by other circuit elements is shunted through the capacitor, reducing the
effect it has on the rest of the circuit. Apart from decoupling capacitors C11, C13, C14,
C15, C25 and C26 used on figure 4.22 it is used on the MCU and blueetooth module
power sources.
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4.5.1 Battery
The battery used is a 3.7 V battery LP603048 that should be charged at 4.2 V. As all
the batteries, the output voltage is not always the same being in this case a variation
between 4.2 V, when it is fully charged, and 3.0 V. Using the battery when its output
is lower than 3.0 V is not recommended because it damages it reducing its lifetime. An
ON/OFF button on the device panel is used to turn it on and off.
Its maximum constant charging current is 800 mA (1C) and its maximum constant
discharging is 1600 mA (2C), which is enough according to the energy consumptions
presented on the last chapter. [78]
A simple voltage divider was used between the battery and an ADC channel so the
battery level could be read every second and turn a battery LED on the device panel
red when the battery is below 3.3 V and needs to be charged or green when it is above
3.3 V.
4.5.2 Charger
The chosen charger was MCP73832 which has a supply voltage range from 3.75 V to 6
V and gives a fixed voltage of 4.20 V.
On this project the charger is powered by micro USB, being the input voltage 5V, once
it is worldwide used for charging all kind of mobile devices. Although the micro USB
could also be used as communication interface it is only used on this project for powering
the system.
The current given by the charger and consequently the time needed to fully charge the
battery depends on a resistor used in the circuit. The choosen resistor charges the
battery at a constant current of 100 mA [79].
The charger has an output STAT pin that is connected to a MCU I/O pin and a LED
on the device panel which turns on when the charger is working.
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4.5.3 DC/DC converter
Apart from the pump all the system is powered by 3.3 V. Given that the battery output
may go from 3.0 V to 4.2 V and supplies all the system it is necessary to step up the
voltage when it is lower than 3.3 V and step down when it is higher than 3.3 V. MCP1253-
33X50I/MS automatically switches between buck and boost operation generating a fixed
output of 3.3 V [80].
4.5.4 Voltage Detector
The voltage detector is connected between the battery and the bulk/boost converter
SHDN pin. A logic-low signal is applied to this pin and disables the device when the
battery voltage is lower than 3.0 V. When it is higher than 3.0 V a logic-high signal is
applied to the pin which allows normal operation [81].
Chapter 5
Software
This chapter explores the firmware developed for the ATxmega128A3, the algorithms
for systolic and diastolic pressure determination and the user interfaces developed.
5.1 Firmware
Firmware is a software program or set of instructions programmed on a hardware device
[82].
It is usually stored in the electrically erasable programmable read-only memory (EEP-
ROM) of the hardware device which unlike ROM (Read-Only Memory) can be erased
and rewritten.
5.1.1 ATxmega128A3 Structure
Given the fact that there are pins of the MCU with specific functions and sometimes
with more than one function, it was necessary to study its structure during the PCB
design having also in mind the firmware development.
PORT A - Pin 5 is used as an ADC input to read the battery level while pin 1 and
2 pins are the output pins for a RG LED on the device panel that indicate the battery
level. Pins 4 and 6 are output pins used to control the valve and the pump.
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PORT B - Pin 0 is used as voltage reference for the PORT B ADC readings. Pin 4
and 5 are the ADC input pins that read the result of the signal conditioning system.
PORT C - A debug LED is connected to Pin 1. Pins 4, 5 and 6 are input and output
pins connected to the Bluetooth module.
PORT D - Pins 1, 2, 3, 4, 5, 6 and 7 are input and output pins also connected to the
Bluetooth module.
PORT E - Pins 2 and 3 are connected to Rx and Tx of the USART header used to
communicate with a computer by RS-232.
PORT F - Pin 6 is an input connected to the charger that indicates the charger state.
Pins 56 and 57 are both connected to the programmer header being pin 57 also connected
to a RESET button on the PCB.
Figure 5.1: Connections between the Control, Communication, Signal Conditioning
and Power System of the PCB
5.1.2 RS-232
RS-232 is the communication protocol used between the MCU and the RN4020 Blue-
tooth module and between the MCU and the computer, for debugging and for sending
and receiving data from the computer. The hardware part needed for it is an Universal
asynchronous receiver/transmitter (UART) which needs 3 pins: a common ground pin,
a Rx pin, which receives the data, and a Tx pin, which transmits the data. Two UART
parts communicate with each other by connecting both ground pins, the Tx pin of the
former to the Rx pin of the latter and the Tx pin of the latter to the Rx pin of the
former as figure 5.2 shows.
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Figure 5.2: Suggested connections between the MCU and the RN4020
As figure 5.2 suggests, apart from being powered, connected to the ground and having
the pins needed for RS-232 communication connected, the other essential connection
between the Bluetooth module and an MCU is the one between a MCU Intput/Output
pin and the Blutetooth WAKE HW pin, used wake the module from dormant mode, in
which all connection and data in RAM are lost.
While on dormant mode the power consumption is less than 700 nA and the UART
interface is only responsive to 2400 bps, on deep sleep mode it is less than 5 µA and the
UART is responsive to 115200 bps.
Before connecting an RN4020 module to a device, it is necessary to follow the set up on
figure 5.3 and described on the RN4020 User Guide [83]. The serial port baudrate used
both between the MCU and Bluetooth module and between the MCU and the computer
is 115200 bps with 8 data bits, no parity and 1 stop bit.
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Figure 5.3: BLE init code
5.1.3 Bluetooth Low Energy
Bluetooth Low Energy (BLE) devices are an extension of the classic Bluetooth stack that
implement a specific Bluetooth profile known as the Generic Attribute Profile (GATT).
In contrast to Classic Bluetooth, Bluetooth Low Energy (BLE) is designed to provide
significantly lower power consumption. It allows mobile and desktop interfaces to com-
municate with BLE devices that have low power requirements, such as proximity sensors,
heart rate monitors, fitness devices, and so on.
The Bluetooth SIG defines in detail how to exchange all profile and user data over a
BLE connection [84] as well as the reference framework for all GATT-based profiles [85],
which cover precise use cases and ensure interoperability between devices from different
vendors. All standard BLE profiles are therefore based on GATT and must comply
with it to operate correctly. This makes GATT a key section of the BLE specification,
because every single item of data relevant to applications and users must be formatted,
packed, and sent according to its rules.
Attribute Protocol (ATT) is the transport protocol GATT uses to exchange short pieces
of data known as attributes between devices and defines two roles: Server and Client.
The GATT server stores the data transported over the ATT and accepts ATT requests,
commands and confirmations from the GATT client, sends responses to requests and
when configured, sends indication and notifications asynchronously to the GATT client
when specified events occur on the GATT server such as a change of the heart rate value,
defined by a value characteristic. GATT also specifies the format of data contained on
the GATT server.
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Figure 5.4: GATT data hierarchy
As suggested by figure 5.4 the data is organized hierarchically. The top level of the
hierarchy is a profile (GATT Server) which is composed of one or more services, which
group conceptually related pieces of user data called characteristics. Characteristics
contain a single value and any number of descriptors describing the characteristic value.
The characteristic descriptors may make the value understandable by the user by dis-
playing information such as the unit of measure. All this data is stored in attributes on
the server that may be read by the client and are uniquely identified by a Universally
Unique Identifier (UUID), which is a standardized 128-bit format for a string ID used
to uniquely identify information.
Each characteristic value and descriptor also has an handle that may be used to refer to
each attribute.
The figure 5.5 shows an example of the Heart Rate Service that is implemented on the
developed device, as well as the Blood Pressure Profile. Each attribute has an handle
that may be used along with the UUID to refer to it and a characteristic declaration
attribute that contains the permissions of the characteristic (read, write, or notify).
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Figure 5.5: Heart Rate Service
For a BLE connection to happen each device should be defined as central or peripheral.
The device in the central role scans, looking for advertisement, and the device in the
peripheral role makes the advertisement. Choosing if a device will act as central or
peripheral gets more important when more than two devices are connected with each
other once two central devices or two peripheral devices cannot communicate with each
other.
On the other hand, being a GATT client and a GATT service is something that may
change during the connection. When the Android phone and the blood pressure device
are connected with each other, being the phone the central device and the blood pressure
device the peripheral device, depending on the kind of data they transfer, one or the
other might act as the server. For example, if the blood pressure device wants to report
sensor data to the phone, it might make sense for the blood pressure device to act as
the server. If the blood pressure device wants to receive updates from the phone, then
it might make sense for the phone to act as the server.
On this project the Android interface acts as GATT client and is the central device
that gets data from the blood pressure monitor, which acts as GATT server and is the
peripheral device.
The Android Interface was developed for Android 4.3 once it was the first version sup-
porting Bluetooth Low Energy and providing APIs that applications can use to discover
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devices, query for services, read and write characteristics.
5.2 Algorithm
Generally, there are two approaches to pin-point the systolic and diastolic pressures:
height-based or slope-based criterion.
The height-based method starts by computing the maximum of the envelope. The
systolic and diastolic values are obtained as fixed ratios of the envelope’s amplitude
with respect to its maximum. Different companies following this height-based criterion
apply different ratios to avoid patent conflicts. Some researchers obtain different ratios
based on different mathematical models of the oscillometric waveform: in [86] one defines
a standard for the ratios as 40% and 60%, in [87] 59% and 72% and in [88] 50% and
80% were chosen for the systolic and diastolic pressures ratios respectively.
The slope-based criterion applies the derivative of the envelope of the oscillometric wave-
form with respect to the cuff-pressure to derive the systolic and diastolic values [89].
Three methods were studied for this project and are explained in more detail on the
following sections: the Maximum Amplitude Algorithm, the Points of Rapidly Increas-
ing/Decreasing Slope Algorithm and the Linear Approximation Algorithm. The choosen
one for this prototype was the Linear Approximation Algorithm because it needs less
computational power than the Points of Rapidly Increasing/Decreasing Slope Algorithm
and is pointed as the one of the three giving the best results [45].
All the three methods differ on the way the blood pressure values are calculated being
the determination of the heart rate done the same way for all the three methods. It is
equal to the number of OMW peaks divided by the time between the first one and the
last.
5.2.1 Signal Characteristics
As explained on section 2.2.3.4 the oscillometric method is based on the analysis of the
oscillations caused by the blood flow in the cuff pressure during its deflation [41] [44].
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Figure 5.6: Signal acquired with the developed device
Left:Cuff Pressure Deflation Right: Cuff Pressure Oscillations
As can be seen on the left side of figure 5.6 the pressure oscillations are much smaller
than the cuff pressure. The theory says the systolic pressure is the cuff pressure when
the pressure oscillations began while the diastolic pressure is the cuff pressure when the
oscillations stop. But in reality this relation does not happen literally this way and the
algorithms used are brand property.
In order to determine the blood pressure and heart rate values two input signals are
acquired: the cuff pressure signal and the cuff pressure oscillations signal both on figure
5.6.
Some works [90] get the cuff pressure oscillations signal by subtracting the cuff pressure
signal by a baseline that connects all the negative peaks as the left side of figure 5.7
suggests. Compared to the cuff pressure oscillations signal of figure 5.6 the resulting
signal shown on the right side of the figure 5.7 is always positive and the peaks are
higher once they are the full oscillation amplitude of the figure 5.8.
Figure 5.7: Getting the Cuff Pressure Oscillations using only the Cuff Pressure De-
flation Signal
Left:Cuff Pressure Deflation Right: Cuff Pressure Oscillations
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Even thought it could seem better to acquire only one signal, its signal conditioning
asks for more computational power and higher acquisition frequency which means bigger
memory usage and bigger costs if it is the MCU who runs the code.
Figure 5.8: Example of OMW with its positive and negative peaks [91]
5.2.2 Points of Rapidly Increasing/Decreasing Slope Algorithm
The first method for finding the systolic and diastolic points relies on finding the slope
of the OMW envelope. In this approach, the systolic point is taken to be where the slope
of the OMW envelope increases the fastest and the diastolic point is taken to be where
the slope of the envelope decreases the fastest, representing the zeros of the OMW’s
second derivative. The corresponding points on the cuff pressure curve are then taken
as the corresponding systolic and diastolic blood pressures.
Figure 5.9 shows a plot of the second derivative of the OMW envelope in a solid line
and a plot of the OMW envelope in dashed lines. The corresponding zero crossings
are shown in this plot as well. In this figure, there are crossings that occur after the
first local maxima and right before the second local maxima, but only the two valid
ones are used. The systolic and diastolic pressure values may be found by finding the
corresponding points on the cuff deflation curve. This algorithm may also be computed
by using first derivatives since finding the maximum and minimum points of the first
derivative will also produce the points of rapidly increasing/decreasing slopes [45].
5.2.3 Maximum Amplitude Algorithm
The second method is based on finding the oscillometric pulse index (OPI) with higher
OMW value which corresponds to the mean arterial pressure (MAP) point. As figure
5.10 suggests the systolic pressure point is found on the left side of the envelope being
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Figure 5.9: Points of Rapidly Increasing/Decreasing Slope Algorithm [45]
a ratio of the higher OMW value. The diastolic pressure point is also a ratio of the
higher OMW value but is found on the right side of the envelope. Both the systolic
and diastolic ratios are fixed and defined by experimentation varying from instrument
to instrument.
Again, the systolic, mean and diastolic pressure are the points on the cuff pressure
deflation curve with the same index as the systolic, mean arterial and diastolic pressure
points found on the envelope.
Figure 5.10: Maximum amplitude algorithm [45]
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5.2.4 Linear Approximation Algorithm
The third studied algorithm was the one implemented on the device and is called the
Linear Approximation Algorithm. As the Maximum Amplitude Algorithm it is also
height-based but differs on the way the mean arterial pressure (MAP) point is found.
Figure 5.11: Left: OMW and envelope extraction Right: Envelope and positive peaks
The left figure of figure 5.11 shows the red OMW, the green baseline, formed by the
negative peaks, and the blue envelope, formed by the positive peaks. All peaks need to
be positive and once some are negative a new black envelope that is the subtraction of
the envelope for the baseline is created and will be used to run the algorithm.
The black circles on the figure 5.11 are a translation of the OMW positive peaksto the
new envelope.
Figure 5.12: Systolic, Mean and Diastolic Pressure
The first part of the algorithm is based on the intersection of two lines being the inter-
section point with highest value defined as the MAP point. The first line passes through
the first positive peak and the peak i while the second line passes through the peak i+1
and the peak n, being 2≤i≤(n-1) and n the number of peaks. The figure 5.12 has 41
peaks being the first intersection between line circle 1-circle 2 and circle 3-circle 41, the
second one between line circle 1-circle 3 and circle 4-circle 41 and the third between line
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circle 1-circle 4 and circle 5-circle 13. The last intersection is between line circle 1- circle
39 and circle 40- circle 41.
As the left figure of figure 5.12 shows, the intersection that got the highest point is
between line circle 1-circle 21 and line circle 22-circle 41 and represented by a black star.
This point is defined as the first MAP point. Before following to the second part of the
algorithm all the positive peaks smaller than half the value of the first MAP point are
removed, the first part of the algorithm is repeated with the remaining points and a new
MAP point is found, represented on the right figure of figure 5.12 by a blue star.
Figure 5.13: Systolic, Mean and Diastolic Pressure
The systolic and diastolic pressure points are then found on the envelope on figure 5.13
being 60% and 70% of the new MAP point. Figure 5.14 points the systolic, mean arterial
and diastolic pressures as the points on the cuff pressure deflation curve with the same
index as the systolic, mean arterial and diastolic pressure points found on the envelope
of figure 5.13.
Figure 5.14: Systolic, Mean and Diastolic Pressure
As on the Maximum Amplitude Algorithm the systolic pressure point is found on the
left side of the envelope and the diastolic pressure point is found on the right side of
the envelope. The experimentation process for finding the systolic and diastolic pressure
ratios is described on Chapter 6 while the algorithm flowchart is presented on C.2.
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The resulting method for calculating blood pressure values is less sensitive to erroneous
oscillation amplitudes than prior art methods since all points in the area of interest
along the oscillometric envelope are weighted equally.
5.3 User Interfaces
For showing the blood pressure values a desktop and a mobile user interface were devel-
oped. Both the RS-232 protocol used for the desktop interface and the Bluetooth Low
Energy (BLE) protocol were already explained on section 5.1.2 and 5.1.3.
The desktop user interface is an executable file which reads a text file received by COM
port, runs the algorithm on the received data and returns the systolic pressure, diastolic
pressure and heart rate values on the user interface of figure 5.16 and the plots, using
Matlab R©, of the cuff pressure deflation, the cuff pressure oscillations and the relevant
lines and points explaines on section 5.2.4.
Since Matlab R© just allows 4 legends there are points and lines not labelled on the
bottom graph of the figure 5.17. The red circles are the peaks used to draw the envelope
and the black star is the MAP point. The green line is draw to find the intersection
with the envelope that corresponds to the systolic pressure point (green star) being the
blue line used to find the intersection with the envelope that corresponds to the diastolic
pressure point (blue star). The green line is 60% of the MAP point value and the blue
line is 70% of the same value.
The mobile interface on the right side of figure 5.18 was developed for Android devices
because neither Matlab R© or Visual Studio 2010, used for developing the two desktop
interfaces, supported Bluetooth Low Energy. It scans for a device with the prototype
UUID, once it is found it connects to it, receives the blood pressure values from the
prototype by Bluetooth Low Energy, converts it from hexadecimal to decimal and shows
it on the user interface.
Since the prototype only communicates with BLE devices when the Android interface
is launched it verifies if the device supports BLE and shows the pop-up on the left side
of figure 5.18 asking the user to turn the BLE on if it is turned off. The interface will
not be lauched if BLE is not supported or if the BLE is not turned on.
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Figure 5.15: Firmware Flowchart
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Figure 5.16: Second Desktop User Interface
Figure 5.17: Second Desktop User Interface Plots




This chapter specifies the benchtests made to evaluate the device accuracy and precision
and its results.
6.1 Methods
The system tests are divided in three different parts. The first part tests the PCB, the
second tests the device accuracy and the last one tests the device precision.
Before anything else, each one of the steps of the following protocol was done for both
prototypes to verify if the PCB was working as expected:
1. Use an external power source with limited current to verify if all the components
are being powered at the expected voltage and if there are no unexpected short-
cuts.
2. Replace the external power source for the battery to verify if it is also able to
power the device and if the ON/OFF button is able to turn the device on and off.
3. Connect the charger to verify if the charger LED lights up.
4. Use an external power source to verify if the battery LED lights red when the
given voltage is lower than 3.4 V and green when it is higher than 3.4 V.
5. Connect the cuff, increase the cuff pressure and use a multimeter to verify if the
pressure sensor output also increases.
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6. Send a defined string by RS-232 to the computer in order to make sure everything
is correctly connected.
7. Use the oscilloscope to verify if the data is being sent at the defined frequency.
8. Make an acquisition to verify if the expected output signal is being sent to the
computer and shown on the user interface.
9. Make an acquisition with an human arm and another with a bottle full of water
to verify if it is possible to distinguish the heart rate on the output signal of the
human heart by comparing it with the output signal of the bottle of water.
10. Change a Bluetooth characteristic in order to make sure the Bluetooth Low Energy
connection is working correctly.
As explained with more detail in the following sections, the second prototype was the
only one able to pass step 9 and 10. After following all the steps detailed before the device
was tested following a protocol adapted from the European Society of Hypertension
(ESH) International Protocol revision 2010 [92] in order to determine its accuracy when
compared to a control device already validated.
The measurements were always done by the same person, the author of this thesis, and
respected the information provided by the British Hypertension Society on its website
[93] being the volunteer participants from Exatronic Innovation Insight and University
of Coimbra. Each participant was seated in a quiet air-conditioned room, relaxed, not
moving or speaking, with the arm supported and at the level of the heart, being the
standard adult size cuff the used one for all the measurements of both devices, since it
was suitable for all the participants.
To each participant, three measurements were taken using two different devices: a control
blood pressure monitor device already validated and certified, Tensoval Duo Control, and
the developed device.
The cuff of the control device was placed on the left arm and the cuff of the developed
device was placed on the right arm. A total of three measurements were done using
both cuffs with an interval of at least 1 minute between them in order to give enough
time for the blood vessels and arteries to recover and have a blood flow similar to the
one in beginning of the test.
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Differences between the measurements collected by both devices were classified according
to their magnitude and were calculated by subtracting the value of the developed blood
pressure monitor readings from the value obtained by the control device. The heart
rate, the systolic and the diastolic pressure were analysed separately and the data is
expressed as the mean ± standard deviation. Bland–Altman plots were used to show
deviations in the data [94].
The usage of an electronic device as a control device instead of two standard mercury
sphygmomanometers used by experienced observers and the low number of participants
made it impossible to validate the device according to the ESH International Protocol.
Even thought, the protocol followed the same logic and the approximations are always
referred.
The third and final row of tests evaluated the device precision and only used the de-
veloped device, being the cuff placed around the arm with the highest blood pressure
readings.
Three measurements were taken from each participant being the standard deviation
of the three measurements of each one determined. The heart rate, the systolic and
diastolic pressure were analyzed separately and the data is also expressed as the mean ±
standard deviation being Bland–Altman plots also used to show deviations in the data.
6.2 1st Prototype Results
The PCB developed for this prototype, shown on figure 4.3, is 62.4x60.1x2.5 mm and
weights 40 g.
Following the protocol detailed on the previous section, the first prototype failed step 9.
Thus, the PCB was not attached to the FR-4 board and accommodated into the box.
The final weight of the whole device adding these two extra parts, the cuff (154 g), the
pump, the valve and the battery would be around 289 g, which is the second prototype
weight.
Figure 6.1 shows a volunteer cuff pressure signal acquired by the prototype before and
after digital filtering where the heart rate is impossible to detect due to the signal noise.
Figure 6.2 shows the cuff pressure signal acquired by the same prototype to a bottle full
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Figure 6.1: Human Arm Cuff Pressure Output Signal using the First Prototype
of water which has no heart rate or similar periodic pressure variations and is similar to
the cuff pressure deflation curve on figure 6.1.
Figure 6.2: Bottle full of water Cuff Pressure Output Signal using the First Prototype
Comparing both figures we may conclude no relevant information may be taken from
figure 6.1 and that the variations on the cuff deflation curve are signal noise introduced
by the absence of amplifiers, as explained in more detail on section 4.2.3. Even after
applying different digital filters and changing the cut-off frequencies of the analog filters,
the heart rate, critical for applying the algorithm, was not possible to detect.
Given this, a new circuit and PCB was designed and a second prototype was created.
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The sampling frequency used for acquiring both signals was 500 Hz and the data shown
was sent to the computer by RS-232 every 2 ms being the figure created with Matlab R©.
6.3 2nd Prototype Results
Figure 6.3 shows the setup used to test the second version of the prototype where the
cuff is placed around the person arm and connected to the device which is connected to
the computer by the green board called FTDI, used to convert RS-232 to USB signals,
and to the mobile phone by Bluetooth Low Energy. The black board is the AVR Dragon,
used to program the device.
The PCB developed for this prototype is shown on figure 4.4 of Section 4.1.1. It is
62.4x60.1 x2.5 mm and weights 40 g. The prototype measures 150x92x28 mm, weights
269 g without the cuff and 423 g including the cuff.
Figure 6.3: System tests setup
It is lighter and smaller than the ExaAllinOne (220x140x70 mm and 680 g without the
cuff) and Tensoval Duo Control (175x104x65 mm and 440 g without the cuff).
This prototyped passed all the ten steps detailed on section 6.1 and went then through
the system tests method detailed on the same section.
The sampling frequency used for acquiring the signal was 500 Hz being the data sent to
the computer every 2 ms, as may be observed on figure 6.4.
An overflow interrupt timer was used for that. The main system clock frequency (32
MHz), the period (1026) and the prescaler (64) were adjusted to achieve the desired
frequency following equation 6.1.
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Table 6.1: Second Test Participants Blood Pressure Range
Category
Systolic Pressure Diastolic Pressure
mmHg Number mmHg Number
Hypotension <90 4 <60 3
Desired 90-119 20 60-79 20
Prehypertension 120-139 3 80-89 4
Stage 1
hypertension
140-159 0 90-99 0
Stage 2
Hypertension
160-179 0 100-109 1
Hypertensive
emergency
>=180 0 >=110 0
Total - 27 - 27
Desired Frequency =
Clock Frequency
Prescaler ∗ Period (6.1)
Figure 6.4: Signal sent from the device to the computer
The second row of tests included 9 volunteer participants (5 men and 4 women) from
Exatronic Innovation Insight and University of Coimbra with a mean age of 32.3 ± 10.8
years old (range 18 to 50 years old). Three acquisitions were done to each participant
being the blood pressure ranges detailed on Table 6.1.
Bland-Altman plots of the differences between the blood pressure measurements ob-
tained with both devices in figure 6.5 show that most of the developed device readings
differ from the control device less than 5 mmHg.
As Part I of table 6.2 presents, out of 27 readings only 4 systolic pressure readings
and 1 diastolic pressure reading had differences bigger than 5 mmHg when compared to
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Figure 6.5: Difference between the blood pressure readings of the developed and the
control device
Table 6.2: Magnitudes of differences between the blood pressure readings of the
developed and the control device
Part I ≤5mmHg ≤10mmHg ≤15mmHg Grade I Mean (mmHg) SD (mmHg)
Required
SBP 20 24 26
DBP 18 22 25
Achieved
SBP 23 27 27 Pass -0.3 3.4
DBP 26 27 27 Pass 0.5 3.3
Part II 2/3 ≤5mmHg 0/3 ≤5mmHg Grade II
Required ≥7 ≤1
Achieved
SBP 8 1 Pass
DBP 9 0 Pass
the control device readings. Figure 6.5 also shows that only 1 heart rate reading had
differences bigger than 5 bpm when compared with the control device.
The mean differences between the blood pressure readings taken with the developed
device and the control device were -0.3 ± 3.4 (range -8.8 to 6.3) mmHg for systolic
pressure, 0.5 ± 3.3 (range -6.1 to 6.2) mmHg for diastolic pressure and 2.6 ± 2.1 (range
-2.5 to 7.5) bpm for heart rate.
Part II of this test looks at how many of the three measurements done to each one of the
participants had differences smaller than 5 mmHg. At least 7 participants should have
at least 2 of the measures with differences smaller than 5 mmHg and only 1 participant
may have no differences smaller than 5 mmHg when compared to the control device.
The number of measurements on each magnitude defined as required to pass the test
were extrapolated from the ESH Protocol assuming only 9 subjects participated in the
test and the ESH Protocol is done for 33 subjects. Since the number of participants is
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Table 6.3: Third Test Participants Blood Pressure Range
Category
Systolic Pressure Diastolic Pressure
mmHg Number mmHg Number
Hypotension <90 3 <60 2
Desired 90-119 13 60-79 15
Prehypertension 120-139 7 80-89 5
Stage 1
hypertension
140-159 0 90-99 1
Stage 2
Hypertension
160-179 0 100-109 0
Hypertensive
emergency
>=180 0 >=110 0
Total - 23 - 23
Table 6.4: Standard Deviations Magnitudes of the three readings acquired to each
participant using the developed device
Magnitude Systolic Pressure Diastolic Pressure Heart Rate
<5mmHg 15 19 20
<10mmHg 23 23 23
<15mmHg 23 23 23
Total 23 23 23
not statistically relevant we cannot conclude the device is validated by the ESH Protocol.
Event though further tests should be done to respect this protocol, these results indicate
a probable approval and validate the device accuracy when compared to a device on the
market.
The third and final row of tests included 23 volunteer participants (16 men and 7 women)
also from Exatronic Innovation Insight and University of Coimbra with a mean age of
29.8 ± 9.1 years old (range 18 to 57 years old). Table 6.3 details the participants blood
pressure range being each value the mean of three acquisitions.
Figure 6.6 shows the plot of the standard deviations of three measures taken to each
one of the 23 participants, resulting on 69 blood pressure readings.
Out of 23 subjects, 8, 4 and 3 had a standard deviation bigger than 5 mmHg for the 3
heart rate, systolic and diastolic pressure readings, respectively, as may be seen on table
6.4.
The mean standard deviation is 3.8 ± 2.3 (range 0.7 to 10.0) mmHg for systolic pressure,
3.2 ± 1.7 (range 1.2 to 7.6) mmHg for diastolic pressure and 3.3 ± 2.0 (range 1.0 to 9.5)
bpm for heart rate.
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Figure 6.6: Standard Deviation of three blood pressure measurements taken to 23
people
6.3.1 Electric Consumptions
The last test done to the device had the goal of determining its autonomy. Figure 6.7
shows the setup used where the device is connected to the computer, using a FTDI,
through which it sends the battery voltage level after finishing a measurement. Figure
6.8 shows the resulting variation of the battery voltage by measurements performed.
Figure 6.7: Setup for measuring the device autonomy
Instead of turning the pump off and opening the valve when a pre-defined cuff pressure
measured is reached, for performing the test it was assumed that it takes 15 seconds to
reach that cuff pressure, being the pump working and the valve closed, and 50 seconds
to decrease the cuff pressure to 50 mmHg, with the pump turned off and the valve open.
This cycle is a measurement.
As figure 6.8 shows a device with a fully charged battery is able to take 889 measurements
before running out of battery. Assuming the device is going to take measurements every
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Figure 6.8: Variation of the battery voltage with the number of blood pressure mea-
surements done
30 minutes of a 8 hours working day it would be possible to use it without being charged
during 34 days.
The circuit on figure 6.9 was used to measure the electric consumptions of the developed
circuit at 3.95 V being an external power source used to have a constant voltage. 3.95
V was the choosen voltage since it is the voltage around which the battery is most of
the time according to the figure 6.8.
Figure 6.9: Circuit for measuring the device electric consumption at 3.95 V
Table 6.5 shows the electric consumptions of the device depending on the peripherals
working. The peak electric consumption is reached when both the pump and the valve
are turned on at the same time. In fact, only the last two states of the four described
on table 6.5 happen for a relevant time. In the beginning of the measurement both the
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Table 6.5: Device Electric Consumptions at 3.95 V
Voltage supply (V) 3.95
Pump turned on (mA) 200
Valve turned on (mA) 69
Pump and Valve turned on (mA) 231
Pump and Valve turned off (mA) 36
pump and the valve are turned on and once the 220 mmHg are reached they are both
turned off, having the device the least electric consumption possible.
Apart from the valve and the pump, also the MCU, the pressure sensor and the Bluetooth
Low Energy module have a relevant electric consumption when in active mode. Even
thought, the electric consumption of the last three cannot be optimized that much more,
if in the future the Android User Interface receives all the data and runs the algorithm on
the mobile phone, as it is suggested on Chapter 7, the time during which the Bluetooth
Low Energy is turned on should be optimized for lower consumptions.
On the developed device the Bluetooth Low Energy electric consumption is not relevant
since it may be on sleep mode most of the time sending only a few strings for configu-





This chapter recalls the initial project goals and compares it with the project output,
outlines the necessary conclusions and defines the next steps the project should take.
7.1 Final Result
As the average life expectancy and aged population is increasing globally it is expected
that more care and monitoring is needed. Solutions like the one presented in this work,
included on the AAL area, are becoming more affordable, portable, user-friendly and
smaller being a solution to improve the quality of life to this aged population. Addi-
tionally, more frequent blood pressure readings, without the costs and time associated
with going to the doctor, can help the healthcare team diagnose high blood pressure
earlier without unnecessary assistance at the same time it increases patient’s autonomy,
self-confidence and mobility.
The analytical approach and algorithm presented here represent a solution to an open
problem in biomedical engineering: how to determine systolic and diastolic blood pres-
sures using the oscillometric method. Current algorithms for oscillometric blood pressure
implemented in commercial devices may be quite valid but are closely held trade secrets.
The present work provides a failed approach and a physically and physiologically rea-
sonable approach in the public domain that can be independently criticized, tested, and
refined.
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The project started with a business analysis of the existing solutions in the market as
well as a study of the signal acquisition circuits already used, being it the most critical
part of the device. Developing a portable blood pressure device is challenging due to
the low amplitude of signal oscillations that need to be detected. The amplitude of
the noise on the resulting signal of first signal conditioning system was bigger than the
signal oscillations, making it impossible to detect the oscillations. Two different signal
acquisition circuits that resulted in two different PCB and consequently two different
devices were developed being the second one able to measure blood pressure.
Out of 21 systems requirements defined on the beginning of the project, 5 were not
accomplished (I-03, A&E-02, A&E-03, NF-01 and R-01).
I-03 was the only level 1 requirement not accomplished, being the measurement initial-
ized by turning on the ON/OFF button on the device panel and not by clicking on a
START/STOP button on the interface as was defined.
A&E-02 and A&E-03 were the two level 2 requirements not accomplished. They refer
to the error messages that the interface should generate that were not implemented.
The Level 3 requirements that were not accomplished were NF-01 and R-01. NF-01
was not accomplished because the algorithm does not run only on the device making
it impossible to be standalone and the R-01 was not accomplished because not all the
ESH International protocol rules were respected.
Even though it was not a priority, a battery and a charging circuit were included making
it possible to use the device without depending on external power sources and reducing
the signal noise. Having in mind a portable and standalone device, several hardware
and firmware decisions were done to reduce the electric consumption making it possible
to make 889 measurements without charging.
The final product measures 150x92x28 mm and weights 269 g without the cuff, being
lighter and smaller than the ExaAllinOne (220x140x70 mm and 680 g without the cuff)
and Tensoval Duo Control (175x104x65 mm and 440 g without the cuff).
Apart from the prototype two user interfaces were also developed. The desktop interface
made it possible to iterate quicker and was used mainly as a testing tool while the
Android interface was used as a proof of concept that the device was able to communicate
by Bluetooth Low Energy.
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Table 7.1: Skills developed during the project
Skills Description
Altium Designer Schematics and PCB design
C language Language used for developing firware for the ATxmega 128A3U-AU and the ATxmega384C3
Atmel R© Framework Software Framework used for firmware development
C# language Development of the first desktop user interface
.Net Framework Framework used for the development of the first desktop user interface
Hardware Development Selection of hardware components and circuits study
Firmware Development Implementation of the code for proper functioning of the device
RS-232 Protocol Communication between the device and the desktop interface
Bluetooth Low Energy protocol Communication between the device and the mobile interface
Android Development of the mobile interface
This multidisciplinary project involved both hardware design, firmware and software
development being most of the used tools used for the first time by the student. The
final results are interesting and useful for future works both on a theoretical way, taking
as example the signal conditioning circuits study or the wireless technologies study,
but also on a more practical point of view taking into account that a real functional
blood pressure device was created with the defined characteristics, an optimized electric
consumption and dimensions.
The fact that the master thesis was developed in business context and was developed
both at the University of Coimbra and at Exatronic Innovation Insight made the author
to get to know the different methodologies and approaches used, learning with it.
That being said, it is also important to point out the hard skills and know-how acquired
during the development of this master thesis, detailed on table 7.1.
7.2 Future Work
This work was an important proof of concept but future demonstration of real-world
accuracy will require a validation according to the ESH International Protocol or other
international protocol. Testing the developed device over a range of different conditions
including variable cuff size, blood pressure ranges, arm diameter, cuff tightness and cuff
deflation rate is also recommended.
After assuring the accuracy of the blood pressure readings obtained by the device, the
algorithm should be incorporated on the blood pressure device or on the interface device
so it could work wireless. Once both the computer and the mobile phone have higher
processing capacity than the MCU it is recommended to incorporate the algorithm on
the interface device instead of the MCU.
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In this case, being the signal analysis done in real time there is an important improvement
that should also be done. Instead of increasing the cuff pressure until a pre-defined
pressure, the new algorithm should be able to detect when the heart rate starts to be
detectable during the cuff pressure inflation, which corresponds to a pressure near the
systolic pressure, so it could stop increasing the cuff pressure more than it is needed.
This way the blood pressure device would tighten the people’s arm just the necessary,
being specially more comfortable for people with lower blood pressure readings.
The possibility of storing some measurements is a common feature of the blood pressure
monitors that could also be interesting to have on the interface device and not on the
blood pressure device as it is commonly seen.
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Appendix A. Developed Schematics 108
Figure A.1: First Version of the Connections Schematic between each System: Com-
munication, Control, Power and Signal Conditioning System
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Figure A.2: Second Version of the Connections Schematic between each System:
Communication, Control, Power and Signal Conditioning System
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Figure A.3: First Version of the Communication Schematics: RN4020 Bluetooth
Module, the USART and the programmer header
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Figure A.4: Second Version of the Communication Schematics: RN4020 Bluetooth
Module, the USART and the programmer header
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Figure A.5: First Version of the Signal Conditioning Schematics
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Figure A.6: Second Version of the Signal Conditioning Schematics
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Figure A.7: First Version of the Control Schematics: ATxmega256A3-AU, the pump,
valve, battery and ON/OFF headers and control schematics
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Figure A.8: Second Version of the Control Schematics: ATxmega256A3-AU, the
pump, valve, battery and ON/OFF headers and control schematics
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Figure A.9: First Version of the Power Schematics: Charger, LED headers, Bulk/-
Boost Converter and Voltage Detector
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Figure A.10: Second Version of the Power Schematics: Charger, LED headers, Bulk/-
Boost Converter and Voltage Detector
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Figure B.1: 2D Visualisation of the First Version of the PCB
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Figure B.2: 3D Visualisation of the First Version of the PCB
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Figure B.3: 2D Visualisation of the Second Version of the PCB
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Figure C.1: Algorithm Flowchart
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Figure C.2: Firmware Flowchart
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Figure C.3: Android Interface Flowchart
